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ABSTRACT
FRP (fiber reinforced polymer) retrofit systems for reinforced concrete (RC) structures have been
widely used in the past 10 years, and numerous studies on its short-term debonding behavior have been
conducted extensively. Nevertheless, long-term performance and durability issues regarding such
debonding behavior still remain largely uncertain and unanswered. In this study, comprehensive
experimental and analytical investigations of debonding in FRP bonded concrete systems under long-term
environmental exposure, namely moisture, have been performed to develop mechanics-based predictive
debonding failure models and related design tools for the prevention of debonding failures. The
experimental approach involves an investigation of debonding under moisture ingress, moisture reversal,
cyclic moisture conditioning, using the concept of fracture mechanics and meso-scale tri-layer fracture
specimens. Prolonged exposure to moisture condition has been shown to result in significant degradation
of the FRP/concrete bond strength, while an irreversible weakening in the bond strength has also been
observed in the fracture specimens under moisture cyclic condition. A predictive model has been
developed based on the experimental results of the fracture specimens under variable cyclic moisture
conditions for service life prediction of the FRP-strengthened systems. To incorporate this quantification
method and experimental data, finite element analysis and correlation study have been conducted for RC
beams externally strengthened with FRP plate. The cohesive zone model for interfacial fracture has been
implemented, for which the properties of the interface were obtained from the meso-scale fracture tests.
Test on laboratory-scale FRP-strengthened RC beam specimens under continuous moisture conditions has
demonstrated the applicability of the methodology. In addition, molecular dynamics simulation has been
conducted to gain more fundamental understanding of interface fracture behavior in bi-layer material
systems (i.e. crack initiation and propagation direction) and the effects of material and interface properties
at atomistic scale. Finally, a recommendation has been made to the current design of RC beams
strengthened with FRP to prevent premature failure due to long-term exposure to moisture.
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bf FRP reinforcement width
c depth of neutral axis in beam
d beam depth
f'e compressive strength of concrete
ff stress in FRP
fr modulus of rupture of concrete
f, stress in reinforcing steel
f, yield strength of the reinforcing steel
h beam height
if length of FRP reinforcement
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t thickness
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tf thickness of FRP reinforcement
w beam width
Ac area of concrete section
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According to Federal Highway Administration, more than 70,000 bridges were rated as structurally
deficient, constituting about 13% of the total number of bridges in the United States (U.S. DOT 2006).
Civil infrastructures are generally built to last for at least four to five decades. However, several external
factors and unexpected events, such as physical aging, severe environmental exposure, or natural disasters,
can occur during their service lives. In addition, increasingly high traffic calls for an increase in load
capacity of infrastructures and, subsequently, design code revision to meet safety requirement. These
factors may degrade the structures to the point that they can no longer perform their functions efficiently
(regarding the strength and serviceability), and ultimately shorten the intended service lives. In some
cases, gradual degradation over time can eventually lead to catastrophic failure of infrastructure.
Therefore, timely upgrade or repair of exiting structures is required.
Fiber reinforced polymer (FRP) composites have become a material of choice for rehabilitation and
retrofitting of civil infrastructures. Compared to conventional repair materials, such as steel, FRP has
higher strength-to-weight ratio and fatigue resistance, and provides additional corrosion resistance to the
structure (Meier 1995). Its ease of application results in little or no traffic disruption. Several
strengthening techniques, including FRP plate bonding and column wrapping, have been widely applied
during the past ten years due to extensive study and ample experimental results on the mechanical
behaviors of the systems. For flexural strengthening of reinforced concrete (RC) elements such as beams,
slabs, and bridge girders, FRP laminates in the form of rigid plates or flexible sheets are externally
bonded to the tension faces of the elements using epoxy adhesive as in dry or wet lay-up processes. It is
now known that failure of these composite systems can occur through various mechanisms, depending on
material properties, geometry of cross-section and rebars, and anchorage provision. Failure modes that
have been identified include: 1) concrete crushing before steel yielding; 2) steel yielding followed by
concrete crushing; 3) steel yielding followed by FRP rupture; 4) shear failure in concrete; 5) concrete
cover delamination; and 6) interface debonding (Buyukozturk and Hearing 1998; Gunes 2004). The
second and third failure modes are favorable from design perspective, while the others are of brittle or
premature nature.
On the other hand, there are very limited resources regarding the long-term behavior and
environmental effects on FRP-strengthened RC beams. It has been found that the failure modes of the
strengthening system shifted from material decohesion to interface separation when subjected to
prolonged continuous moisture exposure (Au and Buyukozturk 2006b). The strength of the bonded joint
between concrete and epoxy also decreased as the failure mode changed (Figure 1-1). Furthermore, it
was found that the well-established crack kinking criterion (He and Hutchinson 1989a) may not be able to
predict failure in layered joints affected by moisture observed in the experiment. Understanding this
complicated failure behavior under the effect of moisture is very crucial in improving safety of civil
structures strengthened by this technique. Therefore, the objective of this research is to understand how
different moisture level and conditioning scenarios affect the strength of the adhesive bond joint in FRP
externally bonded concrete, both at the macro and microscopic levels, and how this knowledge can be
incorporated into design guidelines that take into account the effects of prolonged moisture exposure.
fracture toughness vs duration (peel) fracture toughness vs duration (shear)
1500 Concrete 4000 -nconcretepoxy
U)dchso ecoliesionecohesion interface separation
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Figure 1-1: Effect of moisture on adhesive bond strength (reproduced from Au and Buyukozturk (2006b))
(a) peel fracture; (b) shear fracture toughness
1.2 Research Motivation
From the preceding section, it is seen that long-term performance and durability issue of FRP-
strengthened concrete systems still remain largely uncertain. The motivation behind this study is to
understand such debonding mechanisms and investigate the durability of FRP-strengthening system under
the effect of moisture. It will be beneficial to extend the tri-layer fracture characterization studies, using
meso-scale peel and shear fracture tests, to other types of moisture conditioning scenarios that represent
real service condition. These include continuous moisture ingress, moisture reversal, and moisture cyclic
conditioning, from which an attempt will be made to predict the service-life of FRP-concrete bonded joint.
In order to understand debonding behavior in FRP-retrofitted structure under moisture condition, a
methodology to link the results from meso-scale experiments and debonding at structural level needs to
be developed. This methodology and the knowledge gained from the analysis regarding the effects of
material, interface, and geometrical properties on debonding failure in FRP-retrofitted concrete system
can then be integrated into the design guideline to prevent such premature failure. In addition, the
observed failure mode shift during debonding failure under moisture condition may not be simply
explained by the well-establish crack kinking criterion. This is indicative of the existence of a complex
weakening mechanism which governs the interface fracture behavior in the multi-layer system consisting
of concrete, FRP, and epoxy. Therefore, a study at more fundamental level, such as the concept of
molecular dynamics, is required to gain further understanding of this complex phenomenon. The
combination of the meso-scale experiments with the studies at the microscopic level will provide new
insight on the causes for interface fracture propagation and the shift of debonding mode under wet and
dry conditions.
1.3 Research Objective and Scope
The objective of this research is to understand debonding mechanisms and investigate the durability
of FRP-strengthened systems under various moisture conditions using the fracture-based approach, in
order to form the basis for future design guideline development. Degradation of bond strength is
quantified by the tri-layer fracture toughness. The peel and shear fracture characterization is extended to
various types of moisture conditioning scenarios that represent real service condition. These include
continuous moisture ingress, moisture reversal, and moisture cyclic condition, from which a prediction
can be made of the life-cycle of FRP/concrete bond system in an FRP-strengthened RC beam. The
knowledge on moisture degradation and debonding behavior in FRP/concrete bond system is then used in
the development of a finite element model based on fracture mechanics and the cohesive zone model to
investigate mechanical behavior and debonding in FRP-strengthened RC beams due to the effect of
moisture. In addition, to gain fundamental knowledge on interface fracture involving complex chemical
reactions, molecular dynamics simulation is used to study fracture behavior in a bi-material system.
1.4 Research Approach
This research consists of a number of experimentations and numerical simulations, which are shown
schematically in Figure 1-2. Experimental program for characterization of FRP/concrcte bond system
under various moisture conditions was conducted using tri-layered meso-scale fracture specimens,
consisting of concrete, epoxy adhesive, and CFRP. The specimens are specialized such that the strength
of the interface can be determined in peeling and shearing modes of loading, both of which are expected
in FRP-retrofitted concrete structures. The strength of the bond system was quantified by the tri-layer
fracture toughness model, which takes into account the geometry of the specimens and the moisture-
affected mechanical properties of the constituent materials. As such, corresponding characterization of
individual materials under continuous moisture ingress, moisture reversal, and moisture cycles was also
performed to obtain moisture-affected material properties, which were used in the calculation of the tri-
layer fracture toughness. Effects of these moisture conditions were observed through correlation between
interface fracture toughness and moisture content in the bond line.
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Figure 1-2: Schematics of research approach
With information on the moisture-affected bond strength of FRP/concrete bond system obtained, a
numerical analysis of FRP-strengthened RC beam under continuous moisture condition was performed.
A finite element model was developed based on the concept of fracture mechanics and the cohesive zone
model. The parameters for these models were first validated through correlation between numerical
results from the finite element analysis of the meso-scale peel and shear fracture specimens and the
corresponding experimental results. Failure behavior of the FRP-strengthened RC beam model was
predicted, analyzed, and compared with experimental results from 4-point bending test conducted on
FRP-strengthened RC beam specimens of the same configuration. Criticality of various design
parameters, such as length of FRP plate, location of existing crack, and mechanical properties of the
constituent materials and the interface, was also investigated through the numerical simulation.
Recommendation for the current design guideline to prevent premature failure under severe environment
was proposed.
Finally, since fracture process essentially involves bond breaking at molecular level, a study of
interfacial fracture in a bi-material system was also performed using molecular dynamics simulation
(MD). Role of material and interface properties, namely Young's modulus and fracture energy, was
investigated through a series of parametric study of a simple bi-material model consisting of stiff and soft
substrates, similar to the concrete/epoxy bond joint. Fracture behavior was observed and compared with
its meso-scale counterparts to identify the effect of moisture on the bond system in general. Detailed
information and discussion on these research tasks can be found in the corresponding sections of this
thesis.
1.5 Thesis Organization
The remaining chapters of this thesis are organized as follows:
Chapter 2 provides a comprehensive literature review on the use of FRP composites to strengthen and
retrofit concrete structures. Their type, constituent, fabrication method, mechanical behavior, and
durability characteristic will also be discussed.
Chapter 3 reviews the mechanics and durability of FRP-strengthened RC beams and the design
philosophy. Possible failure modes and effects of environmental exposure on FRP-strengthened members
are discussed, which will be followed by proposed models for debonding failure in the literature.
Chapter 4 presents the results from experimental investigation on the effects of various moisture
conditions on the FRP/concrete bond system. This includes continuous moisture ingress, moisture
reversal, and cyclic moisture condition. The development of a service-life predictive model will be
discussed, and followed by its application on a sample pre-notched FRP-strengthened beam model.
Chapter 5 explains specimen preparation, test setup, and experimental program of 4-point bending test of
FRP-strengthened RC beam specimens under continuous moisture condition. Test results are presented
and discussed.
Chapter 6 discusses the development of a finite element model based on the concept of fracture
mechanics and the cohesive zone model (CZM). Comparisons are made with the experimental results
discussed in the previous section.
Chapter 7 presents fundamental information on molecular dynamics (MD) simulation and its potential
application in fracture mechanics of interface.
Chapter 8 will summarize the thesis and draw conclusions from the research work. Design
recommendation to prevent pre-mature failure in FRP-strengthened RC beams is provided. It will end
with a discussion on areas for future investigation.
Appendix A provides sample input files for numerical simulation of 3D mass diffusion in the peel and
shear fracture specimens, and for the calculation of stress intensity factors in the sample pre-notched FRP-
strengthened RC beam model. The sample input files for finite element simulation of the failure behavior
of the peel and shear fracture specimens, and the FRP-strengthened RC beam specimens using the
cohesive zone model are also given in this section.
Appendix B provides some equations related to the formulation of cohesive element presented in Chapter
6.
Appendix C provides a sample input file for MD simulation of fracture in a bi-material system.
CHAPTER 2
Fiber Reinforced Polymers and Their
Applications to Structural Strengthening
The construction industry is being revolutionized in two major ways. One way is the development of
construction techniques, such as using automated tools in construction. The other is the advancement in
high-performance construction materials, such as the introduction of high-strength concrete, fiber-
reinforced concrete, etc. Among these high-performance materials is composites made from fiber
reinforced polymer (FRP), which is gradually gaining acceptance from civil engineers. In recent years,
research and development of fibers and matrix materials and fabrication process related to the
construction industry have grown rapidly, resulting in more commercial FRP products. Their advantages
over other traditional construction materials include their high tensile strength to weight ratio, ability to be
tailored into various shapes, customizable properties, and potential resistance to environmental conditions,
resulting in potentially low maintenance cost. These properties make an FRP composite a good
alternative for innovative construction. In this chapter, mechanical properties of FRP composites will
first be reviewed. Applications of FRP in civil engineering will then be discussed with emphasis on
retrofit and strengthening of existing structures. Durability issue in FRP-retrofitted concrete structures
such as beams and columns, together with the constituent materials, as reported in various studies will be
discussed.
2.1 FRP Composites and Their Constituents
Fiber reinforced polymer (FRP) is a composite material made by combining two or more materials to
give a new combination of properties. However, FRP is different from other composites in that its
constituent materials are different from each other at the molecular level and can be physically separated
(Mazumdar 2002). The mechanical and physical properties of FRP are controlled by its constituent
properties and by structural configurations at micro level. Therefore, the design and analysis of any FRP
structural member require a good knowledge of the material properties, which are dependent on the
manufacturing process, the orientation of fibers, and the properties of the constituent materials. An FRP
composite is a two-phased material, composed of fiber and matrix, which are bonded at their interface as
shown in Figure 2-1. Each of these different phases has to perform its required function based on
mechanical properties, so that the composite system performs satisfactorily as a whole. In this case, the
reinforcing fiber provides the FRP composite with strength and stiffness, while the matrix gives rigidity
and environmental protection to the fibers.
Fibers Matrix FRP
Figure 2-1: Formation of Fiber Reinforced Polymer Composite
2.1.1 Fibers
A fiber is a material made into a long filament with a diameter generally in the order of 10 jim
(Hollaway and Head 2000). The aspect ratio of length and diameter can be ranging from thousand to
infinity in continuous fibers. The main functions of the fibers are to carry the load and provide stiffness,
strength, thermal stability, and other structural properties in an FRP composite. To perform these
desirable functions, the fibers in an FRP composite must have:
i) high modulus of elasticity for use as reinforcement;
ii) high ultimate strength;
iii) low variation of strength among fibers;
iv) high stability of their strength during handling; and
v) high uniformity of diameter and surface dimension among fibers.
There are three types of fiber dominating in civil engineering application-glass, carbon, and aramid
fibers, each of which has its own advantages and disadvantages. Table 2-1 provides typical properties of
these fibers. The specific strength is defined as the material's strength divided by its density.
Table 2-1: Properties of fibers (Mazumdar 2002)
Tensile Tensile Specific
DensitySpcfc Rltv
Material Modulus (E) Strength (a) Modulus Specific Relative
(gcm)Strength Cost
(g/CM 3) (GPa) (GPa) (E/a)
E-glass 2.54 70 3.45 27 1.35 Low
Table 2-1: Properties of fibers (continued)
Tensile Tensile Specific
Density Specific Relative
Material Modulus (E) Strength (a) Modulus
(g/cm3) Strength Cost(GPa) (GPa) (E/a)
S-glass 2.50 86 4.50 34.5 1.8 Moderate
Graphite, high modulus 1.9 400 1.8 200 0.9 High
Graphite, high strength 1.7 240 2.6 140 1.5 High
Boron (aramid) 2.6 400 3.5 155 1.3 High
Kevlar 29 (aramid) 1.45 80 2.8 55.5 1.9 Moderate
Kevlar 49 (aramid) 1.45 130 2.8 89.5 1.9 Moderate
Glass fiber is a processed form of glass, which is composed of a number of oxides, such as silica
oxide from silica sand, together with other raw materials, such as limestone, fluorspar, boric acid, and
clay. They are manufactured by drawing those melt oxides into very fine filaments, ranging from 3 to 24
ptm in diameter (Hollaway and Head 2000). Five forms of glass fiber strands used in reinforcing the
matrix material are chopped fibers, chopped strands, chopped strand mats, woven fabrics, and surface
tissue. The glass fiber strands and woven fabrics are the forms most commonly used in civil engineering
application. They are characterized by high strength, considering their relatively low cost. E-glass is the
most commonly used glass fiber available in the construction industry. Specialized glass fibers are also
available in the forms of CR-glass and AR-glass when greater resistance to acids and bases is required,
respectively.
Aramid or aromatic polyamide fiber is one of the two high-performance fibers used in civil
engineering application. It is manufactured by extruding a solution of aromatic polyamide at a
temperature between -50 oc and -80 oc into a hot cylinder at 200 'C. Fibers left from evaporation are then
stretched and drawn to increase their strength and stiffness. During this process, aramid molecules
become highly oriented in the longitudinal direction. Aramid fibers possess the highest strength and
toughness among reinforcing fibers. They have high static, dynamic fatigue, and impact strengths. They
are good for applications where good resistance to organic solvents, fuels, and lubricants, and good
insulation to electricity and heat are required. One drawback of aramid fibers is that they are difficult for
cutting and machining, making them hard to form a particular shape.
Carbon fiber is another type of high-performance fiber available for civil engineering application.
They are manufactured by controlled pyrolysis and crystallization of organic precursors at temperatures
above 2000 'C. In this process, carbon crystallites are produced and orientated along the fiber length.
There are three choices of precursor used in manufacturing process of carbon fibers-rayon precursors,
polyacrylonitrile (PAN) precursors, and pitch precursors. PAN precursors are the major precursors for
commercial carbon fibers. They yield about 50% of original fiber mass. Pitch precursors also have high
carbon yield at lower cost. However, they have less uniformity of manufactured carbon fibers. Carbon
fibers have high elastic modulus and fatigue strength than those of glass fibers. Considering service-life,
studies suggest that carbon fiber reinforced polymers (CFRP) potentially have longer service-life than
their aramid and glass fiber counterparts (Meier 2000). Despite their overall superior properties,
composites made from carbon fibers tend to have low ultimate strain and cause potential corrosion
problem when used with metals.
2.1.2 Matrices
Matrix material is a polymer composed of molecules made from many simpler and smaller units
called monomer. Without the presence of matrix material, fibers in and of themselves are of little use.
The matrix must have a lower modulus and greater elongation than those of fibers, so that fibers can carry
maximum load. The important functions of matrix material in FRP composites include:
i) bind the fibers together and transfer the load to the fibers by adhesion and/or friction;
ii) provide rigidity and shape to the structural member;
iii) isolate the fibers so that they can act separately, resulting in slow or no crack propagation;
iv) provide protection to the fibers against chemical and mechanical damages;
v) influence performance characteristics such as ductility, impact strength; and
vi) provide finish color and surface finish for connections.
Type of matrix material and its compatibility with the fibers also significantly affect the failure mode of
FRP. There are various types of matrix materials, which can be used in civil engineering construction.
Categorized by manufacturing method and properties, two major types of polymers are thermoplastic and
thermosetting polymers. Their density and mechanical properties are shown in Table 2-2.
Thermoplastic polymers are ductile in nature and tougher than thermosetting polymers. However,
they have lower stiffness and strength. They can be reformed and reshaped by simply heating and cooling.
Since the molecules do not cross-link, thermoplastics are flexible and reformable. Thermoplastics have
poor creep resistance at high temperature and are more susceptible to solvent than their thermosetting
counterparts. Commonly used thermoplastics are nylon, polyetheretherketine (PEEK), polypropylene
(PP), and polyphenylene sulfide (PPS).
Thermosetting polymers are usually made from liquid or semi-solid precursors. These precursors
harden in a series of chemical reactions called polycondensation, polymerization, or curing. At the end of
the manufacturing process, they are converted into hard solid, producing a tightly bound three-
dimensional network of polymer chains. Unlike thermoplastic polymers, once thermosetting polymers
are cured, they cannot be melted or reformed. Thermosets are usually brittle in nature, and offer high
rigidity, thermal and dimensional stability, higher electrical, chemical, and solvent resistance. Most
common thermosets are epoxy, polyester, vinylester, phenolics, cyanate esters, bismaleimides, and
polyimides.




















































Interface is where the fibers and matrix material are chemically and physically bonded together.
Variation of material anisotropic properties is exhibited in this region. To ensure that an FRP composite
performs satisfactorily, this region has to provide adequate bonding stability. In the analysis of composite
materials, it is generally assumed that the bond between the fibers and matrix material is perfect and
therefore no strain discontinuity occurs across the interface.
2.2 Manufacturing Process of FRP Composites
2.2.1 Manual Process
Manual processes include methods such as hand lay-up and spray-up. Hand lay-up or wet lay-up
process is one of the oldest and simplest composite manufacturing techniques. It is labor intensive
method, in which liquid resin is applied to the mold and fiber reinforcements are placed manually on top.
Metal laminating roller is used to impregnate the fibers with resin and to remove any trapped air. Several
steps are repeated until a suitable thickness is reached. This method is usually used in strengthening and
retrofitting of structures, such as beams and columns. Fibers can be in the form of chopped fibers or
woven fabric with a predefined fiber orientation. Several limitations of hand lay-up include inconsistency
in quality of produced parts, low fiber volume fraction, and environmental and health concerns of styrene
emission.
Spray-up process is similar to hand lay-up process, but much faster and less expensive. In this
process, a spray gun is used to apply resin and chopped reinforcements to the mold. Glass fibers chopped
to a length of 10 to 40 mm are usually used as reinforcement. This method is more suitable for
manufacturing non-structural parts that do not require high strength. However, with this method, it is
very difficult to control the fiber volume fraction and thickness, which are also very dependent on highly
skilled operator. Therefore, this process is not appropriate for parts that require dimensional accuracy.
2.2.2 Semi-automated Process
One of the semi-automated processes is Resin Infusion under Flexible Tooling (RIFT) process. This
method is mainly used to retrofit CFRP to steel, cast iron, and concrete structural members. In this
method, fibers are preformed in a mold and transported to site. The preform is then attached to structure
being retrofitted and enveloped by vacuum bagging system, together with a resin supply. Resin is then
injected into the preform, forming both composite material and adhesive bond between the composite and
the structure. This process yields fiber volume fraction as high as 55%.
2.2.3 Fully-automated Process
A number of fully-automated processes are available for fabrication of FRP composites, such FRP
laminates, FRP rebars, and FRP tendons, for use in civil engineering applications. Pultrusion process is a
low-cost, high-volume, fully-automated manufacturing process, offering good performance-to-price ratio
as well as easy processing. In this process, raw material is pulled through a resin bath containing
thermosetting resin at constant speed, creating structural elements with constant cross-section and
continuous length. The reinforcement impregnated with resin is then cured in a heated pultrusion die. It
gives smooth finished parts that require no post-processing. E-glass, S-glass, carbon, and aramid fibers
are used as reinforcement, with polyester being the most common resin material. Pultrusion is used to
manufacture solid and hollow structure with constant cross-section. In structural application, it is
commonly used to fabricate beams, channels, walkways, rebars, prestressing tendons, cables, and
laminates used in structural strengthening. However, pultrusion has several limitations. For example, it
cannot fabricate tapered and complex shapes, thin-walled parts, or structures that have complex loading
because of typical longitudinal alignment.
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Figure 2-2: Pultrusion Process (Reproduced from Mazumdar (2002))
Filament winding is a process, in which resin-impregnated fibers are wound over a rotating mandrel
at a desired angle to form a specific fiber pattern. Starting materials for this process are continuous fibers,
which commonly are glass, carbon, and Kevlar fibers. Liquid thermosetting resins, such as epoxy,
polyester, and vinylester, are usually used in this process. The composite unit is then removed from the
mandrel and cured by being placed in an oven enclosure at 60 *C for 8 hours. This manufacturing process
is commonly used to fabricate tubular structures, pipes, and other axisymmetric structures. In seismic
retrofit, a large winding machine can be used to wrap impregnated fibers around a bridge column. It is a
low-cost process because low-cost materials and tooling are used. This method, however, has several
disadvantages. It is limited to producing closed and convex structures. It also gives comparatively low
maximum fiber volume fraction.
Resin Transfer Molding process (RTM) and its variation is a process in which a preform is placed in a
mold cavity, which consists of two halves clamped together. Then a pressurized mixture of thermosetting
resin, a catalyst, color, filler, etc., are pumped into the mold using dispensing equipment to form various
structural parts. Pressure or vacuum is used to reduce void formation during the curing process. RTM
can produce complex parts at intermediate volumes rate, allowing limited production to run in a cost-
effective way. The produced parts have good finish on both sides. Fiber volume fractions, as high as
65%, can be achieved by this method. RTM is usually used to fabricate composite parts in fastening
systems and brackets. RTM has a number of limitations, including the fact that tooling and equipment
costs are higher and complex than those in hand lay-up and spray-up processes.




Figure 2-3: Resin Transfer Molding Process
2.3 Mechanical Properties of FRP Composites
Mechanical properties of an FRP composite are dependent upon the ratio of fiber and matrix material,
the method of manufacture, the mechanical properties of the constituent materials, and the fiber
orientation in the matrix. Mechanical properties of composites made from combination of various
reinforcements and epoxy rasin are shown in Table 2-3. The stress-strain behavior of FRP composites
has almost linear relationship; and they do not yield plastically. However, non-linearity can also be
observed due to formulation of small crack in resin, fiber buckling in compression, fiber debonding,
viscoelastic deformation of matrix, fibers, or both. Therefore, yield point in composite materials denotes
the departing from linearity in stress-strain relationship. The axial tensile and compressive strengths are
dominated by fiber properties because they carry most of the axial load, and their stiffness is higher than
that of matrix. The other strength values, which are often lumped into transverse strength properties, are
influenced primarily by matrix strength characteristics, fiber-matrix interfacial bond strength, and the
internal stress concentration due to voids and proximity of fibers. When fiber breaks under tensile load,
the matrix resists the displacement by shear stress on the lateral surface of the fibers. In compression,
matrix helps stabilize the fibers, preventing them from compressive buckling under low stress level.
Table 2-3: Typical mechanical properties of long directionally aligned fiber reinforced composites
manufactured by an automated process (with epoxy rasin as the matrix) (Hollaway and Head 2000)
Material Specific Tensile strength Tensile modulus Flexural strength Flexural modulus
weight (MPa) (GPa) (MPa) (GPa)
E-glass 1.9 760-1030 41.0 1448 41.0
S-2 glass 1.8 1690.0 52.0 - -
Aramid 58 1.45 1150-1380 70-107
Table 2-3: Typical mechanical properties of long directionally aligned fiber reinforced composites
manufactured by an automated process (with epoxy rasin as the matrix) (continued)
Material Specific Tensile strength Tensile modulus Flexural strength Flexural modulus
weight (MPa) (GPa) (MPa) (GPa)
Carbon 1.6 1930-2689 130-172 1593 110.0
(PAN)
Carbon 1.8 1380-1480 331-440 - -
(Pitch)
2.3.1 Elastic Modulus
Mechanical properties also depend on reinforcement forms-continuous, aligned fibers; woven
fabric; and aligned or randomly distributed discontinuous fibers. In unidirectional fiber composites,
fibers are straight and parallel. They are considered orthotropic materials because they have two
orthogonal planes of symmetry. To estimate extensional Young's modulus for unidirectional fiber
composites, the following relationship between the Young's moduli of matrix and fiber can be used:
El =v fEf +VMEm (2-1)
where vf and v,, denote volume fractions of fiber and matrix, respectively (Zweben 1992). Likewise, Ef
and Em are the Young's muduli of the fiber and the matrix. The modulus in transverse direction and shear
moduli in the 1-2 and 1-3 planes (1-, 2-, and 3-directions denote longitudinal, width, and thickness,
respectively) are strongly dependent of the fiber distribution. The Young's modulus in transverse can be
given as:
E, = j + j (2-2)
E, EM
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Figure 2-4: Composite under longitudinal and transverse loading
In discontinuous fiber composites, the orientation of fibers depends on the relative sizes of fibers and
part, resulting in 2- or 3-dimensional fiber orientations. In addition to the factors affecting the properties
of a unidirectional composite, fiber length and diameter often affect the properties of a discontinuous
composite. Variability is apparent in discontinuous composites because fiber orientation and volume
fraction are difficult to control in manufacturing process. In general, the fiber volume fraction in
discontinuous fiber composites tends to be lower than that in continuous and fabric composites, hence
lower mechanical properties. The following equations can be used to estimate the Young's modulus of a
discontinuous fiber composite. For parallel discontinuous fiber composites,
EC =# vfE, +(1-Vf)Em (2-3)
# =1- tanh(p) (2-4)
P
2 G,, 1/2 1 1 /2p= "': 1 2~ 1  (2-5)P=d Ef ln(vf )25
where d and I are bulk diameter and length of fibers, respectively (Zweben 1992). For 3-and 2-
dimensional random discontinuous fiber, there are 1/3 and 1/6 coefficients in front of the fiber
contribution term.
2.3.2 Strength
Application of stress on an FRP composite can cause failure by one or a combination of tension in the
fiber direction, tension in the transverse direction, and shear at the interface between fibers and matrix
(Hull and Clyne 1996). A region with significant amount of fiber curvature is likely to be the source of
failure in a composite because of their low strength properties. For a unidirectional FRP composite under
large tensile stress, strength can be calculated based on a simple model shown in Figure 2-4. Failure may
occur by rupture of the fibers and fracture of the matrix transverse to the fibers, with the strength in the
fiber direction given by:
CT= Vfcs + (1 - Vfa mf (2-6)
where fu is the fiber strength and Umfu the stress in the matrix at fiber failure. When stress is applied
transverse to the fiber direction, failure may occur by separation at the fibers/matrix interface. The
composite strength in the transverse direction is given by:
a,, = a,0 1- 2 (2-7)
where -,,, is the tensile strength of the matrix. Shear strength, on the other hand, is very low because it is
controlled by the strength of the matrix. Therefore, in an application where high shear stress is expected,
fibers are oriented such that shear strength of the composite is provided by fibers in tension. For
discontinuous fiber composites, it is more difficult to predict the strength than that of continuous
composites due to the complexity of fiber orientation. In application, there are two potential causes of
premature failure in FRP composites. First, failure can be caused by error in the design process of FRP
composite materials or structure built from FRP composites. Second, error during fabrication and
processing of FRP composites can cause a failure.
2.3.3 Energy Absorption
Unlike conventional building materials, FRP composites exhibit little or
relationship is almost linear elastic up to failure as discussed earlier.
mechanisms, such as microcracking in the matrix or fiber/matrix interface,
Despite these mechanisms, failure is typically brittle and catastrophic.
no yielding. Stress-strain
Some energy dissipation
fiber pull-out, may occur.
2.3.4 Fracture Toughness and Fatigue Resistance
Fracture toughness of FRP composites is governed by fiber length, orientation, and interfacial
characteristics (Hull and Clyne 1996). In a unidirectional composite, fracture toughness decreases
sharply as the angle between the crack plane and the fiber orientation become closer. This is because
smaller amount of fibers are bridging across the crack opening. For a cross-ply laminate and a woven
fabric, fracture will involve a various degree of interfacial debonding, fiber rupture, fiber pull-out, so
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Figure 2-5: Experimental S-N curve showing the number of cycles to failure during axial fatigue loading
of unidirectional FRP composites as a function of the peak applied load (Hull and Clyne 1996)
Fatigue performance of FRP composites can be characterized by S-N curve similar to the one shown
in Figure 2-5. Most FRP composites have excellence fatigue resistance. This is attributed to the presence
of fibers bridging across matrix crack, resulting in reduced stress intensity at the crack tip. Hence, fatigue
resistance of an FRP composite depends on type and properties of the fibers. Since glass fibers have the
lowest stiffness, GFRP usually has low fatigue performance.
2.4 Applications in Structural Strengthening and Retrofit
2.4.1 FRP for Structural Strengthening in Bridges and Buildings
Strengthening and retrofitting of existing structures using externally bonded FRP composites are one
of the first applications of FRP introduced in civil engineering. The technique is simple, quick, and
effective. For example, FRP can be used, instead of conventional steel plate, to strengthen approximately
5% of deteriorated bridges in Europe. Another field example is the Kattenbusch Bridge in Germany, in
which one construction joint was strengthened by 20 glass fiber reinforced laminates. A series of loading
tests showed that crack width was reduced by 50%, while stress due to fatigue was reduced by 36%
(Meier 2001).
Table 2-4: Methods of application of FRP strengthening (Karbhari and Seible 1999)
Procedure Description Features
Adhesive bonding Composite element is prefabricated, Rapid application; good quality
then bonded onto the concrete substrate control of incoming material;
using an adhesive under pressure. dependent on adhesive integrity;
temperature effects on the adhesive
Hand lay-up Resin is applied to the concrete Slower and need more equipment;
substrate, then layers of fabric are ambient cure effects; possible
impregnated using roller. The waviness and wrinkling of fibers; non-
composite and bond are formed at the uniform wetting and/or compaction
same time.
Resin infusion Reinforcing fabric is placed over the Far slower with need for significant
area under consideration and the entire equipment; ambient cure effect; dry
area is encapsulated in a vacuum. spots
Alternatively, the outer layer of fabric
is partially cured prior to placement to
obtain a good surface.
FRP used for strengthening and retrofitting can be in the forms of FRP sheets or laminates, depending
on their intended application. Externally bonded FRP composites have been used for increasing both
flexural and shear capacity of concrete structural elements, including girders, beams, slabs, and wall
(Figure 2-6). Three methods are used for application of external FRP reinforcement-adhesive bonding,
hand lay-up or wet lay-up, and resin infusion. Summery of these methods are shown in Table 2-4.
Extensive research has been conducted during the past ten years on bond performance, creep effects,
ductility, fatigue performance, force transfer, peeling stresses, fire resistance, and ultimate strength of
strengthening systems (NCHRP 2003). The American Concrete Institute (ACI) has incorporated the
Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures since
its 2002 Code. The new Canadian Highway Bridge Design Code also provides some details on FRP
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Figure 2-6: FRP strengthening of structural members
2.4.2 FRP for Seismic Retrofit
In regions of high seismic activity, damages in infrastructures at column and beam-column joints
caused by lateral load during an earthquake are common. Conventional methods used for seismic retrofit
of reinforced concrete columns include the use of steel shells or casings, the use of steel cables wound
helically around the column, and the use of external reinforced concrete section. However, these methods
introduce additional lateral stiffness, due to the isotropic nature of the retrofitting materials, to the
structural system. As a result, higher seismic force can be transferred to adjacent elements. In addition to
this, traffic disruption is a major problem during a retrofitting operation. With the use of FRP composites,
on the other hand, the FRP confinement provides only hoop stress, hence no additional stiffness. It also
causes no or little traffic disruption. FRP composites can be used in seismic retrofitting of reinforced
concrete bridges in the form of an FRP wrapping jacket, which provides confining stress to the columns.
FRP composites in the form woven fabric can be applied to a concrete column by hand-layup or an
automated column wrapping system (Figure 2-7). The largest commercial seismic retrofit in the U.S. was
conducted on the Yolo causeway west of Sacramento, CA, in which over 3000 columns were wrapped
with E-glass fibers and polyester matrix (Karbhari and Seible 1999).
Application of CFRP-plated slab Application of CFRP-confined
(Sika Corp.) column
Figure 2-7: Field application of FRP in structural strengthening and retrofit
2.5 Durability Concerns in FRP-retrofitted Concrete Systems
FRP-retrofitted concrete system can be considered a multi-material system, consisting of FRP, epoxy
adhesive, and concrete. In many applications, the durability of individual materials is well-documented.
However, the properties of the interface can significantly deviate from those of the constituents, and
special attention is required. This is due to the property variations in the interface resulting from chemical
reaction between the substrates affecting adhesion forces (Petrie 2006). Degradation mechanism can
significantly differ from the case when materials are considered individually, with possibility of failure at
the interface. Such problem is associated with durability of FRP-retrofitted concrete systems as well.
Three major causes of degradation in FRP-retrofitted systems are temperature fluctuation, moisture
diffusion, and aggressive chemicals. To appreciate the complexity of durability of the FRP/concrete bond
system, it is beneficial to first understand the durability of all constituent materials, namely FRP, epoxy
adhesive, and concrete.
2.5.1 Durability of Constituent Materials
A. Durability of Fiber Reinforced Polymer
FRP composites are generally resistant to environmental degradation. Nonetheless, certain
environmental conditions can cause degradation in FRP, depending on the type and property of fibers and
matrix. For example, glass fibers in GFRP can degrade due to a chemical reaction with alkaline pore
water in concrete substrate or by penetrating chemical agents. Sen et al. (Sen et al. 2002) conducted
tensile test on E-glass specimens conditioned in simulated alkaline solution. They observed 63%
reduction in tensile strength in unstressed specimens and 70% in specimens stressed at 10% of the initial
strength after 9 months of exposure. Faster deterioration was observed in the specimens stressed during
conditioning, indicating that micro-cracking plays an important role in degradation by increasing the rate
of diffusion of the chemical substance. Strength degradation has been also reported in supposedly more
durable AR-glass (alkaline-resistant) fibers subjected to moist environment (West and Majumdar 1982).
B. Durability of Concrete
The strength of cementitious materials comes from the structural formation of calcium-silicate-
hydrate (C-S-H) product, enabling load transfer between different components therein. As a result of
hydration, cementitious materials are porous in nature, albeit at varying degrees depending on their
composition. This makes them susceptible to penetration of aggressive chemical substances, such as
chloride and sulfur solutions, for which the extent of degradation can be correlated with permeability of
the material in consideration. Various environmental conditions can cause degradation in concrete,
including saline and alkaline conditions, temperature fluctuations, moist environment, wet-dry cycles, and
freeze-thaw cycles. The mechanisms behind these deteriorations are discussed here. It should be noted
that deterioration in concrete is rarely caused by a single mechanism.
Effect of Moisture
The presence of water in concrete is believed to enhance the mechanical properties of concrete due to
further hydration. However, experimental studies have suggested that the presence of water can lead to
reduction in strength (Bazant and Prat 1988; Ross et al. 1996; Neville 1997; Konvalinka 2002; Au and
Buyukozturk 2006b; Lau and Buyukozturk 2010). Two hypothetical explanations have been offered so
far to explain this phenomenon. The first explanation approaches the problem from a viewpoint of
volumetric change of the hardened cement paste (Konvalinka 2002). It is believed that drying of concrete
decreases the volume of the hardened cement paste, reducing the average distance between the surfaces of
the hardened cement gel. This reduction naturally leads to increase in secondary bonds between the
surfaces, and hence increases the strength of the dry specimens. Conversely, wetting the concrete
increases the volume of the hardened paste and hence the average distance between the surfaces of the gel.
The second explanation approaches the problem from a viewpoint of internal pore pressure (Bazant and
Prat 1988). It is believed that internal pore pressure is developed on the water molecules in the pores in
wet concrete due to external loads. Since the migration of water in a pore is not free when adjacent pores
are also filled with water and, due to capillary actions, the hindered adsorbed water produces a very high
disjoining pressure between the contacting cement gels. The pore pressure is responsible for increasing
the stress intensities of the micro-crack tips and hence promotes crack propagation under external loads.
This reduces the load-resistance of wet concrete, when compared to dry concrete. The presence of water
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Figure 2-8: Water in pore system during freeze-thaw cycle: (a) At room temperature pore water may
occupy an air void. (b) When temperature becomes low enough, pore water will be frozen and expand to
other parts of the pore system. If voids are not sufficiently large to accommodate the expansion of frozen
water, cracks will occur as a result of high tensile forces.
Freeze-thaw Damage
The presence of pore water in concrete leads to possible freeze-thaw damage during cold season. The
mechanism of freeze-thaw damage is not well-understood and several explanations have been offered.
Freeze-thaw damage will occur, if concrete is saturated to a certain level. When water freezes, its volume
increases by 9%, which causes expansive pressure on the pores in concrete. Crack will occur if the
magnitude of this stress exceeds the tensile strength. Upon temperature increase, the coefficient of
thermal expansion of ice is higher than that of water. This results in differential expansion between
concrete pore and ice as the temperature is rising during thawing of the ice in concrete. Repetition of this
cycle can lead to loss of strength and stiffness due to extensive cracks. Air-entrainment is usually used to
generate relatively large air voids, which allow freezing water to expand during freeze-thaw cycles
(Figure 2-8). Freeze-thaw damage can be aggravated if deicing salt, such as sodium chloride, is being
used to prevent ice formation on concrete surface. Salt solution increases the osmotic pressure of pore
water and attracts more water into the pore. Freeze-thaw damage in combination with deicing salt usually
results in spalling of concrete surface.
Aggressive Chemical Attack
During the service life of concrete structures, many types of deteriorating chemical reactions can take
place due to existing internal reactants or aggressive chemical agents in the service environment. Water
molecules, present in concrete as pore water, generally play an important role in these deterioration
processes.
Alkaline-silica Reaction
Alkaline-silica reaction (ASR) in concrete involves alkali hydroxides in pore water and reactive silica
content in aggregates. Only certain aggregates, for example opal, chert, quartzite, strained crystalline
quarts, are reactive to alkaline solution. Hence, the extent of ASR damage depends on the composition of
aggregates and the alkalinity of pore water. The product of ASR is alkaline-silica gel, which will absorb
water and expand in hardened concrete, inducing expansive pressure on concrete. Concrete undergoing
alkali silica reaction will have small cracks on the surface with some spalling due to internal expansion.
Cracking due to ASR is usually seen in the area constantly exposed to moisture. If the extent of crack is
too severe and causes structural problems, demolition of the structure may be necessary.
Reaction with Sulfates
Sources of sulfates (magnesium sulfate, sodium sulfate, or potassium sulfate) can be external, such as
ground water, sea water, and industrial waste water, or internal, such as sulfate-rich aggregate and
excessive gypsum in cement. Sulfate ions from external sources can diffuse into concrete as solution and
react with free calcium ions, resulting in formation of gypsum, which in turn reacts with calcium
aluminate hydrates to form ettringite (sodium sulfoaluminate). The products of both reactions are
expansive and can induce extensive cracking in concrete if the stress exceeds the tensile strength. The
composition and microstructure of concrete are altered because some calcium in cement paste participates
in the reactions. Consequently, the bond between cement paste and the aggregate becomes weakened and
the overall strength of concrete can be decreased. In the case of concrete cured at elevated temperature (>
70 C), delayed ettringite formation (DEF) can occur after concrete has hardened. Initial ettringite is
decomposed into sulfate and alumina by heat during hydration and stored in C-S-H gel. Upon contact
with water, the same reaction occurs as in the case of external sulfates to form ettringite. This subsequent
reformation of entringite causes gap to form between cement paste and aggregates, which renders stress
transfer between the two less effective.
Corrosion of Steel Reinforcement
Steel reinforcement is intrinsically protected by a thin oxide layer due to high alkalinity of concrete
(pH > 12). However, this protective layer can be destroyed by the product of concrete carbonation and
the presence of chloride ions. Such conditions can be found during typical usage of concrete structures.
Carbonation is a chemical reaction between calcium hydroxide in concrete and carbon dioxide in air or
water, resulting in calcium carbonate. Thus, the rate of carbonation depends on the porosity and the
moisture content in concrete. Carbonation causes porosity to increase, but it makes steel reinforcement
more susceptible to corrosion due to significant reduction in pH beyond a threshold value of 10.
Corrosion of reinforcement induced by carbonation is often observed in the areas of the structure
frequently exposed to rainfall or having insufficient concrete cover. Concrete undergoing carbonation is
recognizable by discolored zone on its surface. Corrosion can also be induced by chloride ions contained
in sea water or deicing salts, or even in some type of admixtures. Chloride ions can diffuse through
concrete or penetrate through existing cracks to reach steel reinforcement. The rate of chloride diffusion
depends on the cement type, quality of curing, and temperature. When the amount of chloride ions
exceeds a certain threshold value at the surface of reinforcement, corrosion will take place provided that
there are water and oxygen available.
C. Durability of Adhesive
Epoxy adhesive is the most commonly used resin in structural applications. The mechanical behavior
of structural adhesive depends on curing and service temperatures. At temperatures near the glass
transition temperature (Tg), the chain mobility of polymeric adhesive increases, causing the adhesive to
behave viscoelastically. After a long exposure to this condition, creep and thermal shrinkage may be
observed in the adhesively jointed structural elements under sustained loading. Although the adhesive
becomes less brittle in this case, its shear strength decreases, making applications, such as FRP
strengthening system, less effective. Prolonged exposure to excessive heat causes degradation in
adhesive through two processes-pyrolysis and oxidation (Petrie 2006). Pyrolysis results in chain
scission, reduction in molecular weight, and loss of cohesive strength. Oxidation involves reaction
between free radicals in adhesive and oxygen in the air as well as certain metal substrates, resulting in
lower cohesive strength and weak boundary layer at the interface. For adhesives cured at high
temperature, stress is generally present at the interface when the adhesive is used at ambient temperature,
or when the service environment involves thermal cycling between high and low temperatures. The
difference in the coefficients of thermal expansion between the adhesive and the substrate causes
interfacial stress mismatch as the temperature is changing. As the thermal cycling continues, fracture can
occur due to fatigue.
The mechanical properties of the adhesives are also affected by the presence of moisture.
Degradation of adhesives starts by absorption of water molecules into the polymer structure. In general,
the polymer chains in adhesives are cross-linked, which prevents them from moving independently under
loading effect. However, water molecules can cause hydrolysis of some chemical bonds, resulting in
scission of the cross-linked polymers chains. As a result, the presence of moisture reduces the glass
transition temperature, the coefficient of thermal expansion, Young's modulus, and the cohesive strength
of both ambient-cured and heat-cured adhesives (Petrie 2006). On the other hand, since the polymer
chains become more mobile, the extent of plastic deformation increases under loading effect, enhancing
the fracture toughness (Kinloch 1982). These properties can be recovered, if the adhesives are dried, and
no irreversible hydrolysis has taken place.
2.5.2 Degradation of FRP-Concrete Bond System under Environmental Conditions
Various specimen configurations have been used to identify changes in bond strength parameters with
respect to several severe environmental conditions. Limited studies have shown that structural
performance of FRP retrofitted systems can be impeded due to the introduction of various environmental
effects, and that debonding in the FRP/concrete interface region may play a major role in such premature
failures. Under identical conditioning duration, the degree of stiffness reduction depends largely on the
type of FRP being used. Testing of FRP retrofitted concrete beams under wet/dry cycles has for most
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Figure 2-9: Attack by water molecules at the interface of adhesive and substrate. One of adhesion
mechanisms is known to be hydrogen bonding between adhesive and substrate. However, under moisture
conditions these bonds can be broken by hydrolysis, as can the bond between the polymer chains.
It is generally believed that the influence of moisture on the adhesive is somewhat reversible such that
the degraded mechanical properties can be recovered upon drying. The extent of permanent degradation
depends upon the chemical composition of the adhesive. Two forms of moisture can be present in the
adhesive-free water (equilibrium water) or bound water (excess water) (Popineau et al. 2005). Free
water occupies the free volume of the epoxy resin by absorption and does not cause swelling. On the
other hand, bound water chemically reacts with the polymer chain via hydrolysis, breaking the chain
network, and enhancing the chain mobility, causing swelling to occur. In other words, the effective cross-
link density is reduced when hydrolysis takes place. This can alter the properties reversibly by
plasticization, or irreversibly by cracking and bond breaking (Comyn 1997). It can also cause swelling
stress and deterioration of strength in adhesive and at the adherend interface. Figure 2-9 schematically
shows the destruction of secondary bonds between adhesive and substrate in moisture environment.
Moisture has been found to adversely influence the properties of thermosets, in this case epoxy resin,
by reducing modulus, glass transition temperature (Tg), and coefficient of thermal expansion, for both
ambient cured and heat-cured adhesives. This can be particularly critical to infrastructure applications,
such as FRP-retrofitted structures, in which ambient cured adhesives are mostly used. These ambient-
cured adhesives have a typical T9 in the range of 40 *C - 60 'C, which is within the vicinity of the upper
bound service temperature (as high as 50 'C in a summer month). Coupled with increased moisture
diffusion due to high temperature, the adhesive materials will behave viscoelastically under normal
service conditions, reducing the stress transfer over time, and rendering the retrofit system ineffective.
The plasticization effect of moisture, on the other hand, enhances the fracture toughness of adhesives due
to greater plastic deformation and enhanced crack-tip blunting mechanisms (Kinloch 1982). Cohesive
strength may, however, be reduced (Antoon and Koenig 1980; Hutchinson 1986) to sufficiently offset the
increased toughness.
Various specimen configurations have been used through the strength-based or fracture-based
approaches to identify property changes in the bond strength of the FRP/concrete interface with respect to
variable environmental conditions. These conditions include prolonged exposure to different chemicals,
wet-dry cycles, and freeze-thaw cycles, all of which may be expected during the service life of the bonded
system. For a strength-based approach, prediction of debonding generally involves calculation of stress
distribution at the interface between concrete and FRP, assuming that the materials remain linearly elastic
up to the onset of failure. This can be performed using either approximate closed-form solutions or
numerical methods. Some strength-based models incorporate known failure criteria, such as Mohr-
Coulomb, to determine the critical stress state, and hence the maximum load at debonding. A drawback
of these models is that they depend on geometric parameters that are often highly system-dependent. On
the other hand, debonding in FRP-retrofitted concrete members can be viewed as a local failure that
involves initiation and subsequent propagation of crack. As such, fracture mechanics appears to be a
more promising method in predicting debonding failure.
For the fracture-based approach, generally, the degradation parameter is the fracture toughness, or the
critical energy release rate, corresponding to different levels of environmental exposure. The interface
fracture toughness is considered as the debonding resistance of a multi-layer material system regardless of
the structural system in consideration. Fracture characterization of the durability of glass and carbon FRP
bonded concrete subjected to continuous fresh water and synthetic seawater (or salt water) has been
performed by means of a peel test (Karbhari and Engineer 1996b; Karbhari et al. 1997). It was concluded
from the tests that very little effect was found on the short-term exposure to water or seawater on the level
of mode I fracture toughness while significant reduction of mode II fracture toughness was observed.
Elevated temperature generally causes more bond degradation during long-term environmental exposure
in both mode I and mode II fracture (Au and Buyukozturk 2006b). Moisture does not only affect the
adhesive bond of the bonded system in service, but also during the application of FRP on concrete surface.
Tests on CFRP bonded to concrete with initially damp surface using a modified cantilever beam indicated
reduction in bond strength when compared to specimens with initially dry concrete surface (Wan et al.
2006). Since the failure under effect of moisture generally occurs by either concrete delamination or
concrete-epoxy interface separation, some studies have been devoted to determining the extent of
degradation in bi-material systems. Results from the fracture tests on bi-material specimens have shown
that the interface between concrete and epoxy become weakened due to moisture exposure (Achenbach
1975; Frigione et al. 2006). Beside the reduction in fracture toughness, a shift in bond failure mode has
been observed for both glass and carbon FRP bonded concrete systems before and after moisture
conditioning. Control specimens usually exhibited a conventional concrete fracture type of failure, while
moisture-conditioned specimens failed mostly at the epoxy/FRP interface or the epoxy/concrete interface
(Au and Buyukozturk 2006b). This indicates that an interface weakening mechanism is activated by the
presence of water molecules in the bond. In real-life applications, FRP-strengthened structural members
are exposed to humidity fluctuation due to seasonal rainfall or snowfall. In order to predict their service-
life, a database of degradation in FRP/concrete bond joints caused by moisture cyclic condition is
required. Tests on modified double cantilever beams after freeze-thaw and wet-dry cycles have shown
marked reduction in mode I fracture toughness of FRP/concrete bond (Qiao and Xu 2004). Nonetheless,
it is still not clear as to how the duration of intermediate wet condition and the number of wet-dry cycles
would affect the degradation of both modes I and II fracture toughness of such a bonded system.
2.6 Summary
FRP materials are characterized by their superior mechanical properties and an overall good
resistance to environmental degradation compared to conventional repair materials. The ease of
application and decreasing manufacturing cost has also made FRP increasingly popular in civil
engineering applications. They are being used as building materials for structural members such as beams,
rebars, prestressing tendons, etc, and as repair materials for existing steel and concrete structures.
Durability issues of FRP and the other constituent materials in FRP-retrofitted concrete structure have
been identified by a number of research studies. In the next chapter, the mechanics, failure behavior, and
durability of FRP-strengthened RC beams will be discussed. Debonding failure, which is the most
observed in FRP-strengthened beams exposed to severe environmental condition, will be the focus of the
discussion.
CHAPTER 3
Mechanics and Durability of FRP Strengthened
RC Flexural Members
In this Chapter, the mechanics and failure behavior of FRP-strengthened RC beam as observed by
many researchers are reviewed. The performance and serviceability of FRP-strengthened flexural
members under typical failure modes are discussed based on the current design guideline. Lastly,
debonding failure modes, which are premature and brittle in nature, are discussed and reviewed with
associated numerical and analytical models that have been proposed by various researchers.
3.1 FRP Strengthening of RC Beams in Flexure
Existing reinforced concrete (RC) beams are strengthened or retrofitted in order to increase load
capacity, to improve serviceability by decreasing deflection, or to restore load capacity after damage or
deterioration. Many conventional techniques available to accomplish these objectives include external or
internal post-tensioning, steel plate bonding, and adding additional internal steel reinforcement. Since
several drawbacks are associated with these techniques, external strengthening by FRP composites has
become a popular alternative for strengthening and retrofitting existing structures. Growing research
studies have shown that an increase in flexural capacity as much as 60% can be achieved by externally
bonding FRP composite to the soffit of RC beams (Saadatmanesh and Ehsani 1990; Meier and Kaiser
1991; Ritchie et al. 1991; Sharif et al. 1994; Chajes et al. 1995b).
3.1.1 Failure Modes in FRP Strengthened RC Beams
Failure in an FRP-strengthened RC beam can occur through several mechanisms, depending on the
configuration of the beam and the strengthening system, and the material properties (Triantafillou and
Plevris 1992; Buyukozturk and Hearing 1998). Typical failure modes observed in experiments are shown
schematically in Figure 3-1(Buyukozturk et al. 2004). These failure modes are:
* Steel reinforcement yielding
* Concrete crushing in the compression zone
* Rupture of FRP reinforcement
* Shear failure
* FRP debonding
* Concrete cover delamination
* Intermediate shear-flexural crack or flexural crack induced interfacial debonding
The first three failures are categorized as flexural failure mode. The remaining four failures can take
place prematurely in a brittle manner, accompanying a sudden drop in flexural capacity. It is advisable
that these failure modes are properly considered during the design process of the retrofit system.
Shear reinforcement Flexural reinforcement --- Concrete crushing
Shear Failure
Intermediate crack-induced 'interfacial debondi ng
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FRIP debondingFRrute FIRP rupture
Figure 3-1: Typical failure modes of an FRP-retrofitted RC beam (Gunes 2004)
3.1.2 Flexural Failure Mode
The moment resistance of an FRP-strengthened RC beam depends on the flexural failure mode, which
is in turn governed by the load level at the ultimate state of concrete crushing or FRP rupture. FRP-
strengthened RC beams have been observed in laboratory to fail in a similar manner as typical RC beams.
In an RC beam, failure by whether concrete crushing or steel reinforcement yielding is governed by the
relative amount of the steel reinforcement. Likewise, in an FRP-strengthened RC beam, failure may
occur first by FRP rupture or concrete crushing, if too much steel reinforcement is provided. It has been
recommended that yielding of steel reinforcement should occur first to ensure sufficient ductility before
the ultimate failure takes place (Meier and Kaiser 1991). Many researchers have proposed the analyses of
the flexural behavior of this strengthened system (Kaiser 1989; An et al. 1991; Chajes et al. 1994; Ziraba
et al. 1994; Picard et al. 1995; Challal et al. 1998; Malek et al. 1998b; Saadatmanesh and Malek 1998; El-
Mihilmy and Tedesco 2000) and the design guidelines (Buton 1990; 440 2007) have been made available
for civil engineers.
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Figure 3-2: Typical flexural failure and debonding failure mode in FRP-plated beams (Gunes 2004)
(a) Concrete cover separation, (b) concrete crushing and FRP rupture,
and (c) FRP/concrete interface separation
Flexural Capacity
The flexural capacity of an FRP-strengthened RC beam can be calculated following the design
guideline for an RC beam given in ACI-318 Building Code (ACI 2008a). The design principle is based
on the equilibrium of cross-section and strain compatibility. Plane section is assumed to remain plane,
even after concrete cracking, and hence the strain varies linearly from the neutral axis. Additional
assumptions for the analysis purpose are:
* Maximum concrete strain of 0.003,
* Nonlinear stress-strain relationship of concrete under high compressive stress can be
approximated by a rectangular stress block,
* Linear elastic stress-strain relationship up to failure for FRP,
* Tensile strength of concrete can be ignored.
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Figure 3-3: Stress and strain distribution in a cross-section of an FRP-strengthened RC beam
From the equilibrium and strain compatibility conditions, the nominal moment capacity of the cross-
section, M, is given as:
Mn= Ajf d - j+ Aff, h- ilc (3-1)
By assuming elastic-perfectly plastic behavior, the stress in the steel reinforcement can be calculated from
the steel strain as:
fs = Esss :! f, (3-2)
Likewise, stress in the FRP can be obtained from the FRP strain assuming linear elastic behavior for the
FRP:
ff = Efcf (3-3)
From the strain compatibility condition, the relationship of the strains in the FRP, concrete at the
compression face, and the steel reinforcement can be written as:
sf = s - = (d (3-4)(c h-c
Hence, from the equilibrium condition, the neutral axis depth, c, is given as:
ASL,+Afff _(pf,+pfff)
c=",A~,(fpfd (3-5)
y,fc b yp fC
The nonlinear stress-strain relationship of concrete in the compression zone is described by the
parameters a and pz. Their values are given in the ACI Building Code, and they depend on the type and
the strength of concrete in consideration. For typical concrete withf'c between 17 and 28 MPa, p3 shall be
taken as 0.85. However, forf'c above 28 MPa, p61 shall be decreased linearly at a rate of 0.05 for each 7
MPa of strength in excess of 28 MPa, but shall not be smaller than 0.65.
The failure behavior in flexure is governed by the amount of FRP reinforcement provided relative to
the amount of existing steel reinforcement and the concrete cross-section. The FRP reinforcement ratio is
defined as the ratio between FRP cross-sectional area (Af) and concrete cross-sectional area (Ac). Two
balanced FRP ratios are defined for the case of FRP-strengthened RC beams, namely balanced FRP ratio
for steel yielding (pff) and balanced FRP ratio for FRP rupture (pf,). The first balanced FRP ratio is
defined as the FRP reinforcement ratio that causes steel reinforcement yielding and concrete crushing to
occur at the same time. This balanced FRP ratio is given by setting E = E,, and E, = Ey in Equation (3-4):
0.85fe' p(hpf (3-6)
E 7e,{d-
where ', = EU and c,= 0.003.
Lu + Ly
The second balanced FRP ratio is defined as the FRP reinforcement ratio that causes FRP rupture and
concrete crushing to take place simultaneously. This balanced FRP ratio can be determined by setting e
= r and Ef = rf, in Equation (3-4), which results in:
0. 8 5f,A, h-pf,
Pf, = i 4- f d (3-7)
flU
where 7f= 46 andfi, the tensile strength of the FRP. Based on the value of pf, the failure mode of
a flexural member strengthened by FRP can be determined. This, in turn, governs how the flexural
capacity can be calculated. The depth of neutral axis, c, is determined by solving a quadratic form of
Equation (3-5):
c B+ B 2 4AC (3-8)
2A
The corresponding values of A, B, and C in Equation (3-8) are given for different failure modes.
Case 1: Failure by concrete crushing followed by reinforcement yielding (CCFRY)
This failure mode takes place when pft < pr. In this case, the nominal moment capacity of the FRP-
RC beam can be given by:
Mn = AE 16 -1(d -. Bij+ AfEfeU j-1 jh -Aj (3-9)
In this case, A = 0.85fp 1b,
B = AS ESEU + Af EfLs , and
C =-(A, Es Ud + Af Ef h) in Equation (3-8).
Case 2: Failure by reinforcement yielding followed by concrete crushing (RYFCC)
This failure mode takes place when pp < pf < p. In this case, the nominal moment capacity of the
FRP-RC beam can be given by:
Mn= Asfd -- j + AJE h -1 - (3-10)
In this case, A = 0.85f7p1 b,
B = -A, f, + AfEfs6, and
C =-AEfLUh in Equation (3-8).
Case 3: Failure by reinforcement yielding followed by FRP rupture (RYFFR)
This failure mode takes place when pr < pfr. In this case, the nominal moment capacity of the FRP-
RC beam can be given by:
M = A - + Af, (h- (3-11)
wher- A, f, + Af f,
Presence of Preloading
In most practical applications, FRP composite is applied to a beam that has existing dead loads acting
on it. Preloading results in an initial tensile strain at the tension face of the beam. This alters strain
distribution in Figure 3-3, which needs to be modified when calculating the flexural capacity. By strain
compatibility, the strains in FRP and.steel reinforcement, Ef and Es, taking into account preloading, are
given by:
Ef = - -' l- Eb (3-12)
S = 6f +( bi d-c (3-13)
where Eb, is the strain at the beam tension face prior to application of FRP. Similar idea can be applied to
the case of FRP prestressing.
3.1.3 Shear Failure Mode
In general, an RC beam is designed such that shear failure does not occur first. This can be
accomplished by providing enough shear reinforcement in the form of stirrups in the region where shear
force is critical. However, when the flexural capacity is enhanced by external reinforcement such as FRP
plate, shear failure has to be taken into account. This failure is brittle in nature and should be avoided in
FRP-retrofitted systems (Figure 3-4). Therefore, in practice proper provision of additional shear
reinforcement in the form of external FRP reinforcement is recommended. FRP composites have been
shown to increase the shear strength of existing concrete beam by orienting the fibers transverse to the
axis of the member or perpendicular to potential shear cracks (Chajes et al. 1995a; Malvar et al. 1995;
Sato et al. 1996; Norris et al. 1997; Kachlakev and McCurry 2000). Recently, several configurations of
external shear reinforcement have been proposed (Figure 3-5a) (Ritchie et al. 1991; Sharif et al. 1994;
Sato et al. 1997; Garden and Hollaway 1998; Khalifa et al. 1998; Hollaway and Mays 1999). FRP in the
forms of continuous sheet, plate or U-shaped strip can be either adhesively bonded or mechanically
fastened to the shear span at certain interval (Figure 3-5b). The orientation of the fibers in FRP sheet and
of the FRP plate can be chosen such that it maximizes the overall shear resistance of the retrofitted system
in the same manner as choosing stirrup orientation in an RC beam. Sufficient development length must
be provided to ensure proper anchorage for the shear reinforcement. One concern about using mechanical
fastener, for example anchor bolts or FRP anchors, is the high stress concentration around the holes. This
high stress state can instead lead to failure by fracture within the FRP plate or sheet.
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Figure 3-5: Various configurations of external shear reinforcement and anchorage system
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Shear Capacity
Shear capacity in a concrete beam with FRP shear reinforcement comes from the concrete (V'), the
existing transverse steel reinforcement or stirrups (V), and the external FRP shear reinforcement (Vf):
V" =V, +V, +V (3-14)
The contribution of FRP to the total shear capacity is still a subject of research, while the contributions
from the concrete and the transverse steel reinforcement are well-documented in the building design
codes (ACI 2008a). Many researchers have reported that external FRP reinforcement for flexural
strengthening has no significant contribution to the shear capacity. The value of Vf in Equation (3-14)
depends on the fiber orientation and an assumed shear crack pattern (Khalifa et al. 1998) because it comes
from the tensile stress in the FRP across the assumed shear crack. The shear contribution of the external
FRP shear reinforcement is given by:
Vf Af, fie(sin a + cos a)df (3-15)
Sf
where Af, = 2ntwf is the total cross-sectional area of the FRP shear reinforcement; fe the tensile stress in
the FRP shear reinforcement; df and sf the depth and spacing of the FRP shear reinforcement, respectively
(Figure 3-6). The tensile stress in the FRP is directly proportional to the effective strain in the FRP,
which in turn depends on the configuration of the FRP laminates used for shear strengthening of the RC
member. The effective strains in the FRP, Ee, are given as followed (Priestley et al. 1996):
Sfe =0.00 4 ! 0. 7 5 fu for completely wrapped member (3-16)
ef = Kvfu 0.004 for bonded U-wraps or bonded strips (3-17)
where K, is the bond-reduction coefficient, which is given as a function of the concrete strength, the type
of wrapping scheme, and the stiffness of the FRP. From extensive experimental study (Khalifa et al.
1998), the bond-reduction coefficient can be calculated as follows:
S= k 2Le 0.75 (3-18)11, 90 0 sft
where Le is the active bond length over which the majority of bond stress between FRP and concrete is
carried. Its value is given by:
Le 23,300 (3-19)
(ntf Ef 0.58
The coefficients k, and k2 in Equation (3-18) represent the effect of concrete strength and the type of
wrapping system. They are given as:
=(, )2/3
k1 = (3-20)27
(d, - L, )I df for U-wraps
k2 =(3-21)
(df - 2L, )/ df for 2-sided bonded strips
df
-+\ | - W, W
Sff
Figure 3-6: Different configurations of FRP shear strengthening
and notations for shear capacity calculation
3.1.4 FRP Debonding Failure Mode
In a retrofitted system, debonding failure involves separation of FRP material from concrete. FRP-
strengthened RC beams are generally designed such that failure occurs by either yielding of steel
reinforcement or FRP rupture, followed by concrete crushing, to ensure sufficient warning before the
ultimate failure actually takes place. Nonetheless, the presence of high stress concentration at the
discontinuation of FRP plate or sheet (i.e. the termination of FRP reinforcement or plate-end), at the
interface between concrete and FRP near the existing flexural and intermediate shear-flexural cracks
along the beam span, can cause the strengthened beam to fail under an applied load lower than its actual
strength. Debonding failure can initiate at these critical locations along the soffit of an FRP-strengthened
beam when the stress exceeds the strength of the constituent materials. Similar to shear failure,
debonding failure can occur without prior warning at a load level lower than the designed shear and
flexural capacity. These undesirable premature failures are more of brittle nature and need to be taken
into account in the design of strengthened beam. Three types of premature failure may be defined
according to the location of failure initiation-plate end, shear span, and mid span, as shown in Figure 3-1.
A premature failure mode most commonly observed in experiments is plate-end debonding, in which
crack initiates at the discontinuity region near the plate-end. When debonding starts at the plate-end,
crack can propagate either in a thin layer of concrete parallel to the FRP or continue at an angle to the
steel reinforcement, resulting in concrete cover delamination. The existence of multiple shear and
flexural cracks prior to application of FRP also gives rise to other possible failure modes, namely
intermediate shear-flexure debonding (within the shear span) and flexure-dominated debonding (in the
vicinity of the midspan) (see Figure 3-1). In these premature failures, debonding can occur as a result of
crack widening or differential vertical movement of the crack mouths, and propagate toward the plate-end.
Regardless of the location of debonding initiation, concrete delamination has been observed the most in
large-scale beams and meso-scale interfacial fracture tests due to the comparatively low strength of
concrete, while interface separation have not yet been reported in any short-term tests (Buyukozturk et al.
2004). ACI Committee 440 (ACI 2007) recommends that, in order to prevent premature failure by cover
delamination or FRP debonding, the stress in the FRP reinforcement is limited according to:
I -I- 20 0 f 0 .9 0 sf for nE/ft< 1,000,000 N/mm
60 2,000,000"
f =<(3-22)
-j1- ' s 0.90s, for nEjf> 1,000,000 N/mm
60 nEf t,
where n is the number of plies of FRP flexural reinforcement at the location along the member where the
moment capacity is being evaluated. Nonetheless, this limitation comes from the experience of engineers
practicing in the field. Hence, further development of a more accurate model for predicting delamination
is still required. A number of researchers have investigated the use of end anchorage to prevent
debonding originated at the plate-end. In a retrofitted beam with external shear reinforcement, plate-end
debonding is less likely to occur due to inherent anchorage provided by the external shear reinforcement.
3.2 Serviceability and Ductility of FRP Strengthened RC Beams
Ductility of an FRP-strengthened RC section is defined as the ratio of the curvature at ultimate failure
(pu) to the curvature at first yield of steel reinforcement ((py). External FRP reinforcement generally
results in reduction of the ductility of a retrofitted flexural member. To maintain adequate ductility, the
strain in the steel reinforcement should be at least 0.005 when failure by FRP rupture, concrete crushing,
or FRP debonding takes place. The optimal value of ductility is obtained at the transition from failure by
FRP rupture to failure by concrete crushing, which corresponds to the FRP ratio pp. In case the FRP-
strengthened RC section is deemed brittle, a linear transition of strength reduction factor (CD) is used
instead of 0.9 to ensure higher reserve of strength (ACI 2007):
0.90 for s, 2 0.005
CD = 0.70 + "0.20(6s - for Ey < Es < 0.005 (3-23)
0.005 
-es,
0.70 for Es <5 sy
where e, is the yield strain of the steel reinforcement, and E, the strain in the steel reinforcement at the
ultimate limit-state. Like a typical RC beam, the effect of external FRP reinforcement on serviceability
can be assessed using a transformed FRP-strengthened RC section. Excessive deflection and crack width
need to be controlled. In order to prevent inelastic deformation of an FRP-strengthened RC beam, the
existing internal steel reinforcement should be prevented from yielding. Therefore, the tensile stress in
the steel reinforcement is usually limited to 80% of the steel yield strength,fy.
3.3 Modeling Debonding Failure in FRP Strengthened RC Beams
There are two types of models to predict debonding in FRP-strengthened RC beams-strength-based
models and energy-based models. Strength-based models postulate that debonding will take place when
the material limit has been reached. It is currently known that shear and normal stress concentration
always develops at the plate-end and at the crack openings along the retrofit span. Based on strain
compatibility conditions and linear elasticity, approximate closed form solutions have been developed to
calculate such stresses (Taljsten 1997; Rabinovich and Frostig 2000; Teng et al. 2001). By comparing the
interfacial stresses calculated for different loading configurations with material strength, it is possible to
predict the onset of debonding failure in FRP-strengthened RC beams. On the other hand, energy-based
models use fracture mechanics to locally or globally describe debonding. One example is a global
fracture energy criterion recently proposed by Gunes (2004), which is based solely on the mode II
fracture toughness of concrete. It is clear that in order to utilize an energy-based model, a method to
characterize the fracture energy is required. The recent development of meso-scale peel and shear
fracture tests (Au and Buyukozturk 2006a) paves way for such development of an energy-based
debonding criterion that is capable of distinguishing various debonding modes locally found in layered
systems of FRP-strengthened concrete.
3.3.1 Stresses at the FRP/Concrete Interface
Figure 3-7 schematically shows the stress states at the interface between concrete and FRP along the
span of an FRP-strengthened RC beam. Due to discontinuity, shear and normal stresses are high at the
plate end and at the location of cracks. These high stress intensities can give rise to debonding failure if
the interfacial strength is exceeded. Therefore, many researchers have developed methods to predict the
stresses, such as approximate analytical solutions, higher-order analytical solutions, and finite element
analysis.
Predicting interfacial stresses in bonded joints with various geometries and under various loading
conditions has been a subject of popular research since early last century (Adams et al. 1997; Tong and
Steven 1999). In 1980s, research in this area had been extended to steel plated beams due to frequently
encountered debonding failures. As a result of this, researchers investigating debonding problems in
FRP-bonded beams have already had a set of developed tools at their disposal from the beginning that
could easily be adopted for their purpose. A key difference between approximate and higher-order
solutions is that the former assumes constant shear and normal stresses in the adhesive layer, whereas the
latter takes the stress variations across the adhesive thickness into account. Due to constant shear
assumption, the approximate solutions do not satisfy the zero shear boundary condition at the ends of the
adhesive layer. Both classes of solutions give very close results except for a very small zone near the
ends of the adhesive layer, in the order of the adhesive thickness. An example to these tools is an
approximate bond stress solution by Roberts (1989), which is still widely used due to its acceptable
accuracy and simplicity. Additionally, new research in this area has produced several other closed-form
solutions that slightly differ in their approach and applicability for different load conditions (Taljsten
1997; Malek et al. 1998b; Smith and Teng 2001). These methods are based on the strain compatibility
condition and linear elastic behavior of materials, despite the fact that concrete cracking is considered in
most cases. They provide relatively simple and approximate solutions of interfacial shear and normal
stresses. Other solutions developed by Rabinovich and Frostig (2000) and Shen et al. (2002) involve
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3.3.2 Strength-based Approach to Debonding Failure
Series of experiments have been conducted on RC beams strengthened with FRP (plate and fabric) in
the past ten years to develop debonding models and assess their applicability. Strength-based prediction
of debonding generally involves the calculation of stress distribution at the interface between concrete and
FRP, assuming that the materials remain linearly elastic up to the onset of failure. Stress state at the
interface near the plate-end, or an existing shear or flexural crack, is then analyzed and compared with the
strength of the individual materials. Some models incorporate failure criteria, such as Mohr-Coulomb, to
determine critical stress state, and hence maximum load at debonding. While a considerable number of
strength-based models have been proposed with various degrees of complexity and accuracy, some of
them can be too mathematically involved that they are inappropriate for field application. Therefore,
some researchers have proposed relatively simple empirical or semi-empirical models based on
observation of FRP-strengthened RC beam tests. The majority of these models, for example, the so-
called concrete tooth models by Raoof and Zhang (1997) and its various modifications, specify the
maximum allowable shear force at the plate-end, taking into account geometry, material properties, and
loading configuration. Design guidelines to prevent premature debonding failure by limiting the
maximum strain in the FRP have been developed empirically as discussed in Section 3.1.4.
A. FRP Debonding based on Concrete Tooth Models
Raoof and Zhang (1997) proposed a strength model by considering the equilibrium of a concrete
cantilever formed by two adjacent cracks in an FRP-strengthened RC beam. In their model, two forces
are acting on the concrete tooth- shear stresses at the bottom of the concrete tooth due to tension in FRP
and tensile stresses at the top. Failure by concrete cover delamination will occur when the tensile stresses
exceed the tensile strength of concrete, which suggests a limit on the stress in the FRP to be:
0.154 LPhibc f. (3-24)
h'bftf Obar+bf
where Lp is the smaller of L,; and L, 2, in which Lp, and L, 2 are the shear span and a length calibrated
against data of steel-plated RC beams, respectively. In this case, L, 2 is equal to l,,,n(2 l-0.2 5 lmn) for 'min <
72 mm, or 31 ,n for lm, > 72 mm. h, is the distance from the centroid of the tensile steel reinforcement to
the beam soffit, and h' is the distance between the tensile steel reinforcement to the beam soffit. The
minimum stabilized crack spacing, lmm, can be calculated from:
' n (3-25)
U (Obar +bf
where IObar is the total perimeter of the tension reinforcement. Note that the value of lmij is obtained
from the experimental data of steel-plated beams. Therefore, the concrete tooth model was subsequently
modified with new definition of the minimum crack spacing. Wang and Ling (1998) proposed a
modification to Equation (3-25), which now takes into account the bond strengths between the steel
reinforcement/concrete interface and the FRP/concrete interface. Their new definition of ., is given as:
1 . =u YO (3-26)
ba s ±Oa,+u,, b,
where us and ufrp are the bond strength of the steel reinforcement/concrete and the FRP/concrete interface,
respectively. Upper and lower bounds of allowable stress in FRP can then be calculated in similar fashion
as the original concrete tooth model. Raoof and Hassanen also further modified the concrete tooth model
by calibrating the value of lij against test data of FRP-strengthened RC beams that failed by plate-end
debonding, resulting in two new models (Hassanen and Raoof 2001).
B. FRP Debonding based on Interfacial Stress
Several researchers have proposed methods to predict debonding failure based on existing closed-
form solutions of interfacial stress and a failure criterion of concrete. These strength-based models
postulate that concrete cover delamination and interfacial plate-end debonding will occur when the stress
acting on a concrete element at a critical location (i.e. plate-end, flexural crack, or intermediate shear-
flexural crack) exceeds its strength (Figure 3-8). Notable models of this type include models I and II by
Ziraba et al. (1994), plate-end interfacial debonding by Varastehpour and Hamelin (1997), Saadatmanesh
and Malek's (1998) and Tumialan et al.'s (1999) concrete cover separation models.
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Figure 3-8: Stress state in a concrete element near the plate-end
Ziraba et al. (1994) proposed two strength-based models to predict interfacial debonding at plate-end
(model I) and concrete cover delamination (model II). The Mohr-Coulomb failure criterion was used to
define the critical stress state at the plate-end. The critical shear force (Vdb) at the termination of the FRP
plate that will cause interface debonding is given by:
Vdb f, ( (3-27)CRl Kafl cI +a 2CR 2 tanqS
where CR1 and CR2 are the coefficients in the analytical formula for the stress state by Robert (1989) and
defined as:
1/2
CR1 end =+K bftf (d,-x,,r) (3-28)V,, Ebt I,,,b,end ff f itr,cba
1/4
CR 2  n (3-29)
where K, and Kn are the shear and normal stiffness of the adhesive. Vend and Mend are the shear force and
the bending moment at the plate-end, respectively. Itrc and If are the second moment of the transformed
cracked FRP-plated section and the second moment of the area of the FRP. xtr,c is the location of the
neutral axis of the transformed section measured from the compression face. Based on experimental and
numerical studies, Ziraba et al. (1995) suggested the value of C ranging between 4.8 and 9.5 MPa. The
values of al , a2, and (P are 35, 1.1, and 28', respectively.
For failure by concrete cover delamination, Ziraba et al. (1994) assumed that the shear resistance of
concrete (Ve) and part of shear resistance of stirrups (V) contribute to the resistance to concrete cover
delamination at the plate-end:
Vdb =V, + kV, (3-30)
where V, = +1Op) and V, = Af,d /s. The value of the stirrups efficiency factor, k, in
Equation (3-30) was obtained empirically from test results of steel-plated RC beams that failed by
concrete cover delamination:
k = 2.4e" and n = -0.08CR CR2 Xj16 (3-31)
Alternatively, Varastehpour and Hamelin (1997) also proposed a model based on the Mohr-Coulomb
failure criterion to predict the critical shear force that will result in interfacial plate-end debonding.
Derivation of their model is also based on the stress-state by Roberts (1989). However, the friction angle
and the coefficient of decohesion in the Mohr-Coulomb criterion was optimized against data from FRP
strengthened beam tests and FRP/concrete single-lap shear specimen tests, respectively. According to
Varastehpour and Hamelin's model, the critical shear force at plate-end is given by:
2/3
y 1.6 5.4 (3-32)db 1/3 +cR 2 tan33'




Saadatmanesh and Malek (1998) developed a strength-based model to predict failure by concrete
cover separation originated at the plate-end. In their model, the stress state at the plate-end was obtained
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where Ir,,c is the second moment of area of the FRP-plated section transformed to concrete, and x,,u,c the
location of the neutral axis of the transformed section measured from the compression face. According to
Malek et al. (1998a), the normal stress, o,, is also given by:
- Ka vf V*end +6* Mend + qEI (3-39)
2bp*3 EfI, ECIC bECIC
where
V *end - Vnd -0.5hbft,.b J A + b2 ) (3-40)
V =-0.5b t (b2v'A +b 2 ) (3-41)
p*= " i (3-42)
where Ic is the second moment of area of the beam, and q a uniformly distributed load. The longitudinal
stress, ux, at the plate-end can be calculated from a bending analysis of the cross-section with the total
bending moment due to pre-strengthening component, Mn, and post-strengthening component, M,, due
to live load. This post-strengthening component can be determined from the interfacial shear stress in
Equation (3-35) as:
Mm = 0.5habfr T (3-43)
With all the stressed obtained, the principal stress at the plate-end is determined by:
o UO= + ~ ~+Y2 (3-44)
Failure by concrete cover delamination will take place if the principal stress reaches concrete modulus of
rupture.
Similar to Saadatmanesh and Malek's model, Tumialan et al. (1999) developed a strength-based
model for concrete cover delamination in FRP-strengthened beams. The stress state at the plate-end is
evaluated as follows:
r =C R1 Vend (3-45)
a = CR2T (3-46)
where CR2 is defined by Equation (3-29), but CR2 is given by:
CR1 = ~I s \"2M, bt (d,.- x,,., (3-47)
Ef b t,, V,,d I,,uxba
Failure is assumed to occur when the principal stress calculated from the shear and normal stresses in
Equations (3-45) and (3-46) reaches the modulus rupture of the concrete.
3.2.3 Fracture Mechanics-based Approach to Debonding Failure
Debonding in FRP-strengthened beams can be viewed as a local failure that involves initiation and
subsequent propagation of crack. As such, linear elastic fracture mechanics (LEFM) seems to be a
promising method to predict debonding failure. In recent years, study on the application of LEFM to
debonding problem has made a significant progress as indicated by increasing number of available
experimental data from fracture test, both meso- and large-scales. Fracture specimens of various
configurations have been developed to characterize the fracture toughness of the interface between
concrete and FRP. One recent development is the tri-layer fracture toughness by Au and Buyukozturk
(2006a).
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Figure 3-10: (a) Idealization of loading state in FRP in the vicinity of a crack;
(b) Peel and shear fracture specimens for opening and shearing mode of loading
FRP/concrete bond joints, such as those in FRP-strengthened concrete structural members, can be
idealized as a three-layered material system consisting of concrete, epoxy and FRP. In such a system,
crack can propagate in five regions-bulk concrete, FRP sheet, bulk epoxy, the interface between
concrete and epoxy, and the interface between epoxy and FRP (Figure 3-9). Using the energy
considerations, the energy release rate can be computed from the difference in the strain energy of the
cracked body (far behind the crack tip) and that of the intact body (far ahead of the crack tip). The
detailed derivation of the tri-layer fracture toughness is given in Au and Buyukozturk (2006a). The
expression of the energy release rate contains geometric and material information of all the three material
layers. To obtain the fracture toughness of the system from the experiment, configurations of the peel and
shear fracture specimens are chosen such that they represent possible loading cases found in a full-sized
FRP-strengthened concrete beam as shown in Figure 3-10a. The opening and shearing loading cases are
represented by the peel and shear specimens as shown in Figure 3-1 lb. To compute the interface fracture
toughness of the FRP/concrete bond system, critical loads obtained from the fracture tests (N for peel
fracture and N for shear fracture) and the material properties obtained from material characterization are
used in the following equations:
N 2 + a)2 _ 12 612
G = -' +3--- (3-48)peet B 2 E3h 3 211 E13
G = - - (3-49)shear 2B2E 3 Aih I h
where a is the initial crack length (between the concrete and epoxy layers), 1 the cantilever arm of FRP
laminate, B the width of the bond line, h the thickness of epoxy layer, R3 the equi-biaxial modulus, and TI
the eccentricity of the load Nx. All other coefficients, A; and I, are the longitudinal and bending rigidity
of the composite cantilever arm, obtained according to specimen geometry and failure mode in
consideration. Fracture behavior of the debonding specimens has been found to be significantly
influenced by the type of adhesive and FRP. Based on the fracture properties of the FRP/concrete
interface and the bulk materials, several debonding models for FRP-retrofitted concrete beam have been
developed in the past ten years through numerous analytical and numerical investigations.
Neubauer and Rostasy (1999) developed a model to predict a debonding failure due to local
differential displacement at shear crack opening along the shear span (Figure 3-11). They suggested a
reduction factor of 0.9 to be applied when calculating debonding load with their model. Hearing (2000)
developed a framework to determine the energy release rate and the debonding load of FRP-strengthened
beams with initial interfacial crack using the finite element method. The energy release rate under
increasing load level was calculated based on the virtual crack extension method. Delamination is
predicted to take place under a critical bending moment, which is given as function of the geometries of
the laminate and the beam, and the mechanical properties of concrete:
I I
M = bd2 E 3(-2a) ) 2 i _ 'I 2 (3-50)
" 8 (a' + 2) -1.5 , t, I1 I2
where Mu is the applied moment, b and d the width and depth of the beam, respectively, a the normalized
laminate length, fi the location of the loads, p; and t; the retrofit ratio and thickness of the laminate,
respectively, and Gf and E the fracture toughness and Young's modulus of concrete, respectively.
Figure 3-11: Debonding due to differential displacements at multiple shear crack openings (Neubauer and
Rostasy 1999)
Gunes et al. (Gunes 2004; Gunes et al. 2009) considered global energy balance of FRP-plated RC
beams under monotonic loading to satisfactorily predict debonding failure load. In their investigation, the
relationship between the total work done (dW) and the change in the strain energy is:
dW - dU = FdA (3-51)
where F is the energy release rate of the interface, and dA the change in the surface area as the crack
propagates. In this case, debonding failure was assumed to occur when complete separation between FRP
and concrete takes place for the entire length of the FRP plate. The energy dissipation during debonding
includes plastic deformation due to yielding of the steel reinforcement and fracture energy dissipation due
to FRP debonding (Figure 3-12). The debonding failure criterion is given by:
p2 p2AD= 2d -- -=(GFIf bf + FRI laa)+ 0 (3-52)
2K2 2KF
where AD is the total energy dissipation during the debonding process over the bond areas of flexural
reinforcement l1b1 and shear reinforcement laba, GFII and IFII the mode II fracture energy of the
FRP/concrete interface and the FRP/FRP interface in a bond anchorage, P2d and Pid the loads before and
after debonding takes place. The plastic energy dissipation due to reinforcement yielding is quantified by
the term, Wf. K, and K2 are the stiffness of the strengthened and un-strengthened beams. It can be
interpreted from Equation (3-52) that as the beam curvature increases under monotonic loading, excess
energy that is not stored in the un-strengthened beam will be dissipated through reinforcement yielding
and debonding of FRP plate.
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Figure 3-12: Energy dissipation during debonding failure (Gunes t al 2009)
3.4 Degradation of FRP-strenRened Flexural Member under
Environmental Conditions
Various specimen configurations have been used to identify changes in strength and stiffness of
flexural members with respect to several severe environmental conditions. These include prolonged
exposure to different chemicals, wet-dry cycles, and freeze-thaw cycles, all of which may be expected
during the service of the FRP-strengthened RC beams in consideration. Numerous studies have shown
that structural performance of FRP retrofitted systems can be impeded due to the introduction of various
environmental effects, and that debonding in the FRP/concrete interface region may play a major role in
such premature failures. Under identical conditioning duration, the degree of stiffness reduction depends
largely on the type of FRP being used. Testing of FRP-retrofitted concrete beams under wet/dry cycles
has for most cases registered reduction in flexural stiffness and ultimate strength after conditioning.
Tommaso et al. (2001) conducted three-point bending experiments on temperature conditioned FRP-
plated beams to study the influence of temperature on the bonded system. It was found that failure modes
changed from ductile to brittle as the conditioned temperature was decreased from 40 *C to -100 *C.
Experimental works by Karbhari and Engineer (1996a) and Grace (2004) investigated the influence of
several environmental conditions such as saltwater, moisture, heat, and alkalinity on the structural
performance of FRP-strengthened concrete beam elements. In particular, moisture effect was identified
as an important environmental deterioration mechanism promoting premature system failures. Debonding
was observed as one of the main failure modes (Grace 2004). The findings in these investigations
regarding the detrimental effect of moisture were in agreement with other limited number of independent
studies conducted on FRP-plated concrete that were subjected to accelerated wet/dry cycles. As for FRP-
plated RC beams, reductions in ultimate strength and stiffness due to accelerated wet-dry cycling were
generally observed. Chajes et al. (1995b) reported 20% to 30% reduction in ultimate strength for glass
pf1
FRP (GFRP) and carbon FRP (CFRP) retrofitted specimens that were subjected to 100 wet/dry cycles. In
one study (Toutanji and Gomez 1997), the observed strength reductions could be as much as 33% in FRP-
plated concrete beams subjected to 300 wet/dry cycles in salt water. Ultimate load also depreciated at
various degrees, depending on the number of wet-dry cycles (Soudki et al. 2007). Similar to the case of
FRP-confined RC columns, the stiffness of FRP-plated concrete beams deteriorates under cyclic moisture
condition. In one study (Myers et al. 2001), it was experimentally determined that GFRP-plated
specimens could lose up to 85% of its original flexural stiffness after only 20 wet/dry cycles, compared to
55% in the case of CFRP-plated specimens. Aramid FRP-plated specimens in the same test series
appeared somewhere in between. In general, failure mode was reported as a debonding that takes place
near the FRP/concrete interface.
It is clear from the experimental investigations that the strength and the stiffness of FRP-strengthened
and FRP-retrofitted concrete structural elements are affected by moisture exposure. The overall integrity
of an infrastructure through its service-life will in turn depend on the performance of each retrofitted
structural component. As a result, the ability to predict the service-life of an FRP-concrete bond system
under the effect of moisture is very crucial in improving safety of civil structures strengthened by this
technique. Despite the need, a model for service-life prediction of FRP-concrete bond system has not
been yet proposed.
3.5 Summary
Strength and performance of an RC flexural member can be enhanced by the application of FRP
composite to the tension face. Design of such strengthening system can be achieved in a similar manner
as a typical RC beam. By selecting a proper FRP ratio, an FRP-strengthened beam can be designed such
that failure occurs in ductile manner by steel reinforcement yielding first, followed by either concrete
crushing or FRP rupture. Additional FRP shear reinforcement is usually provided for additional shear
capacity in order to avoid a sudden shear failure. Premature failure can occur in the forms for concrete
cover delamination and FRP delamination originated from the plate-end or some pre-existing cracks
along the beam span. Several analytical models have been developed to predict such premature failures
based on strength or fracture mechanics approaches. The composite nature of FRP-retrofitted or FRP-
strengthened concrete system results in durability issue, especially at the interface between FRP and
concrete. Failure by interface separation in retrofitted beams exposed to environmental hazard have been
reported by numerous experimental investigations. However, none of the existing analytical models can
describe interface debonding under environmental exposure often observed in the experiments. Therefore,
a comprehensive methodology to analyze and predict debonding and other premature failures under
environmental exposure is still required. With the recent development of the tri-layer fracture toughness
for the characterization of the FRP/concrete interface, it is now possible to integrate the data on durability
of such bond system into a numerical analysis in order to predict debonding behavior in FRP-retrofitted
concrete system under moisture condition, based on the concept of fracture mechanics. In the remaining
chapters, the effect of various moisture conditions on FRP/concrete bond system obtained from the peel
and shear fracture tests will be discussed and followed by the development of a model for service-life
prediction of FRP/concrete bond joint based on fracture mechanics approach. Subsequently, the effects of
continuous moisture on FRP-strengthened RC beams will be discussed through the results of 4-point
bending test on FRP-plated RC beam specimens. A methodology to integrate of the knowledge obtained
from the meso-scale fracture test into numerical analysis for an FRP-strengthened RC beam will be
present.
CHAPTER 4
Durability of FRP/Concrete Bond Systems under
Variable Moisture Conditions
One of the objectives of this research is to understand debonding mechanisms and investigate the
durability of FRP/concrete bond system under moisture condition using the fracture-based approach.
Degradation of bond strength in this study was quantified by the tri-layer fracture toughness discussed in
the previous chapter (Au and Buyukozturk 2006a; Au and Buyukozturk 2006b). The developed peel and
shear fracture characterization was extended to various types of moisture conditioning scenarios that
represent real service condition. These include continuous moisture ingress, moisture reversal, and
moisture cyclic condition, from which a prediction can be made of the life-cycle of an FRP-concrete
bonded joint in an FRP-retrofitted concrete structure. Corresponding material characterization under
continuous moisture ingress, moisture reversal, and moisture cyclic condition was also performed to
obtain moisture-affected material properties, which were used in the calculation of the tri-layer fracture
toughness. In this chapter, the methodology of the meso-scale fracture tests for the three types of
moisture condition is first described, followed by the corresponding experimental results and discussions.
From these experimental results, the development and application of a model for the prediction of service-
life of FRP/concrete bond system will be present with an example. The qualitative and quantitative
information on the moisture-affected deterioration of FRP/concrete bond system described in this chapter
was subsequently used to gain understanding of the debonding behavior in FRP-retrofitted concrete
structures under moisture condition.
4.1 Quantification of Bond Strength by the Tri-layer Fracture Toughness
Model
In this study, the bond strength of FRP/concrete interface under various moisture conditions was
characterized by a fracture mechanics approach. This characterization is suitable for studying the
debonding problem, which can be considered as a local failure. During failure initiation at an existing
defect, such as an unbonded region at the concrete/epoxy interface, both mode I (opening) and mode II
(shearing) driving forces may exist, depending on location of the defect. Therefore, it is essential to be
able to quantify the bond strength of the interface in terms of both failure modes. A tri-layer fracture
toughness model specialized for opening and shearing modes is a suitable quantifying tool in this case.
4.1.1 Peel and Shear Specimens and Test Setup
The effect of variable moisture conditions was investigated quantitatively and qualitatively by means
of peel and shear fracture tests. Figure 4-la and 4-2b show the dimensions of the peel and shear
specimens, respectively. The CFRP plate in both specimens was 1.28 mm thick and made of
unidirectional carbon fibers. Special consideration was given to shear fracture to make sure that the bond
line satisfies the requirement for development length (i.e. stress in the FRP plate varies from maximum
value at pulled end to zero at the other end.) A pneumatic needle scaler was used to roughen the concrete
surface to obtain optimal bonding property through mechanical interlocking. Possible dust and debris
resulted from surface roughening were removed by means of compressed air. Before applying the CFRP
plates and the epoxy, the surfaces of the CFRP and the concrete were cleaned with methyl ethyl ketone
(MEK) to ensure proper adhesive bonding surface. The bond thickness was kept to be 1 mm uniformly
over the bond region.
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Figure 4-1: Geometry of peel and shear fracture specimens
For the peel fracture test, the specimens were placed horizontally in a loading frame and constrained
from any movement by alignment screws and an end plate (Figure 4-2a). These specimens were then
pulled vertically at the end of the CFRP plate with a displacement rate of 2 mm/min. Loads applied on
the CFRP and displacements were measured by a 2.2 kN load cell and the machine crosshead,
respectively. For the shear fracture test, a plexi-glass was attached on top of the CFRP plate with the side
facing an LVDT located near the tip of initial crack (Figure 4-2b). The LVDT was fixed on the loading
frame serving as a reference point for measuring the displacement of the CFRP plate. As the specimen
was pulled upward at a rate of 1 mm/min along the bond line direction, loads were applied on the CFRP
and the displacements were measured by a 50 kN load cell and the LVDT, respectively. The effects of
continuous moisture uptake or residual debonding resistance were quantified by the tri-layer fracture
toughness. Specimens were conditioned in a moisture environment at 23 *C using water tanks, and at 50
'C using an environmental chamber before testing. It was determined from the diffusion simulation that
in order to have distinguishable levels of moisture in the bond line under continuous moisture ingress,
peel and shear specimens should be conditioned for 2, 4, 6, and 8 weeks. The load-displacement behavior
and debonding modes were observed and correlated with the moisture level obtained from the finite
element diffusion simulation.
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Figure 4-2 Peel (a) and shear (b) facture test setups
In order to compute the interface fracture toughness, the mechanical properties of concrete, epoxy,
and CFRP, as affected by moisture, were required. For this study, concrete was carefully produced
according to ASTM C33 grading standard. The maximum aggregate size in concrete was limited to 100
mm, so that the compressive specimens were small enough to be placed in the environmental chamber for
moisture conditioning. A commercial 2-part epoxy was selected as a representative epoxy commonly
used in practice. All epoxy specimens were produced according to the manufacturer's guideline.
The first part of material characterization was to determine the effect of moisture (continuous
moisture ingress, moisture reversal, and cyclic moisture conditioning) on the elastic moduli, and the
strengths of the constituent materials, namely concrete and epoxy. The compression specimens of plain
concrete were fabricated according to ASTM C39 as shown in Figure 4-3a, and the tensile epoxy
specimens were fabricated according to ASTM D638 as shown in Figure 4-3c. Both concrete and epoxy
specimens were conditioned at predetermined durations under 23 'C and 50 'C, which were similar to
those used to condition peel and shear fracture specimens. In addition, to determine Mode I fracture
toughness of concrete, a small rectangular specimen in Figure 4-3b was used. However, tensile test was
not conducted on the CFRP because it has been shown that its mechanical properties in the fiber direction
do not significantly vary under moisture condition (Gunes 2004). Young's modulus of CFRP as reported
by the manufacturer is 165 GPa, which was used throughout this study. The effects of each moisture
condition on the individual material property will be discussed in the corresponding sections.
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Figure 4-3: (a) Concrete compressive specimen configuration; (b) Mode I fracture of concrete; (c) epoxy
tensile specimen configuration and (d) moisture sorption test specimen for concrete and epoxy
The second part of material characterization was to determine the diffusion coefficient and solubility
of all constituent materials from moisture sorption test (ASTM D570) using specimens shown in Figure
4-3d. The diffusion coefficients can be determined from the slope of moisture mass uptake curve, the
moisture content at any given point in time, and the saturated moisture content, which were
experimentally determined. Ten sorption specimens made of concrete and epoxy were weighed after
different conditioning durations. The difference between the initial weight and the weight after
conditioning represents the mass of moisture uptake into the material. Conditioning durations for
diffusion test were determined to be 0, 0.5, 1, 2, 3, 5, 7, 14, 28, 56, 84, 140 and 280 days to obtain the
time-dependent curves of moisture uptake, which were used for the determination of the diffusion
coefficients. These results were extrapolated to longer durations by assuming a diffusion behavior of
Fickian type. The diffusion coefficient of the three constituents materials are listed in Table 4-1. Among
the three materials, concrete is characterized by higher diffusion coefficients because of its higher
porosity. These parameters were later used in a finite element program to simulate moisture diffusion in
the fracture specimens. Correlation between bond
obtained in the subsequent analyses.
strength and the moisture content at the interface were
Table 4-1 Diffusion coefficients of concrete, CFRP, and epoxy (Au 2005)
Material Temperature Diffusivity Solubility
(C) (10-11 m2/s) (wt%)
Concrete 23 3.24 7.71
50 3.24 7.76
CFRP 23 0.068 0.34
50 0.081 0.9
Epoxy 23 0.023 2.58
50 0.048 5.42
4.1.2 Predicting the Interface Moisture Content
Since it is difficult to directly measure the moisture content at the interface in the peel and shear
fracture specimens during the test, a numerical simulation of moisture diffusion has to be performed. In
this case, the governing equation for mass diffusion is basically an extension of Fick's equation, which
allows non-uniform values of diffusivity and solubility in multiple constituent materials of the fracture
specimens (Crank 1975). According to Fick's first law of diffusion, the rate of transfer of moisture
through unit area of a solid section is proportional to the concentration gradient measured normal to that




where F is the rate of transfer per unit area of section, C is the concentration of water, x is the spatial
coordinate normal to the section, and D is the diffusion coefficient. For one-dimensional diffusion, the
rate of diffusion follows Fick's second law of diffusion:
DC a (BC>
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In finite element analysis, moisture diffusion is driven by a concentration gradient with normalized
concentration being the nodal variable of an element. Three-dimensional models of the peel and shear
fracture specimens were created with exactly the same dimensions (Figure 4-4) for the analysis by a
general purpose finite element program (ABAQUS 2006). Eight-node mass diffusion elements were used
throughout the models, with temperature-dependent diffusion coefficients for room temperature and 50 'C
in Table 4-1. Since the models involve three materials, elements were constructed such that nodes were
shared at the concrete/epoxy and CFRP/epoxy interfaces. The epoxy layer and the CFRP plate were
modeled using one layer of diffusion elements with thicknesses of 1 mm and 1.28 mm, respectively. For
concrete block, the 5x5x4.7 mm3 diffusion elements were used through out. The boundary condition was
specified as 100% moisture concentration to represent the total submersion of the specimens under water
(see Appendix A). Time integration of the transient diffusion analysis was conducted with backward
Euler method (also known as the modified Crank-Nicholson operator) because it is unconditionally stable
for this type of linear problems (Butcher 2008). It is worth noting that the temperature and mass diffusion
are not coupled in solving the differential equation for mass diffusion because moisture diffusion took
place at a constant temperature in the experiment. This simulation method was used later in this study to
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Figure 4-4: (a) FE model for diffusion simulation in fracture specimen; (b) Moisture content in the
adhesive bond line as predicted by FEM for a time period of 2 to 10 weeks
(only peel fracture specimen at room temperature shown)
Table 4-2: Moisture content (weight %) at the interface in peel and shear
fracture specimens from finite element simulation of moisture diffusion
Duration Moisture content (%)






The average moisture content in terms of weight percentage corresponding to various conditioning
durations are shown in Table 4-2 for the tri-layer fracture specimens. As expected, under higher
temperature moisture diffuses more into the bond line of the fracture specimens. These values, called
transient moisture content, were used to obtain the corresponding mechanical properties of the epoxy and
concrete by curve-fitting the results from the tension and compression tests. It is worth mentioning that
the moisture uptake curves for coupon specimens of epoxy and concrete obtained from the finite element
analysis was in most part comparable to those obtained experimentally by the gravimetric sorption test.
Nonetheless, there was a sudden jump in the initial slope of moisture uptake curve from the sorption test,
which was not captured by the simulation. This high rate of diffusion in the first few days may be due to
the porosity that may have been produced during mixing of the epoxy, and microcracking that may have
resulted from cutting thin specimens of concrete. The actual moisture content in the bond line of the peel
and shear fracture specimens was believed to be consistent with the simulation result.
4.2 Effects of Continuous Moisture Ingress on FRP/Concrete Bond System
The objective of continuous moisture ingress is to investigate the extent of bond strength degradation
caused by prolonged exposure to moisture. Peel and shear fracture specimens were subjected to moist
condition for various durations. They were then tested while they were still in a wet condition. The
relationship between moisture content in the bond line and the bond degradation were obtained.
4.2.1 Mechanical Properties of Constituent Materials under Continuous Moisture Ingress
For each condition group, three specimens were submerged in de-ionized water for the corresponding
durations and weighed before being tested. Moisture content was defined as the ratio between the mass of
uptake water and the initial mass of the specimens. For the epoxy, Young's modulus and the tensile
strength decreased as the moisture content in the epoxy increased as shown in Figures 4-5 and 4-6,
respectively. High temperature seemed to improve the tensile strength of the epoxy, possibly due to
further curing, but decreased the Young's modulus. This can be attributed to the fact that the molecular
chains in the epoxy had more mobility and behaved more rubber-like under temperature in the vicinity of
its glass transition temperature (the Tg is around 50 'C).
The effect of moisture on Young's modulus, the compressive strength, and mode I fracture toughness
of concrete is shown in Figures 4-7, 4-8 and 4-9, respectively. It was found that moisture resulted in a
slight decrease in the compressive strength and mode I fracture toughness of concrete. In addition, there
seemed to be a slight reduction in Young's modulus of the concrete due to the presence of water. It is
believed that, conversely to drying of the concrete, wetting increases the volume of the hardened paste
and hence the average distance between the surfaces of the gel (Konvalinka 2002). This increases the
average distance between surfaces of the gel and hence decreases the strength of the secondary bond.
Another explanation approaches the problem from a viewpoint of internal pore pressure (Bazant and Prat
1988). It is believed that internal pore pressure is developed on the water molecules in the pores in wet
concrete due to external loads. Since the migration of water in a pore is not free when adjacent pores are
also filled with water and, due to capillary action, the hindered adsorbed water produces a very high
disjoining pressure between the contacting cement gels. The pore pressure may be responsible to increase
the stress intensities of the micro-crack tips and hence promotes crack propagation under external loads.
Both phenomena may lead to weaker concrete with the presence of moisture as shown by the
experimental results.
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Figure 4-8: Compressive strength of concrete under continuous moisture ingress
.
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Figure 4-9: Mode I fracture energy of concrete under continuous moisture ingress
4.2.2 Effect of Continuous Moisture Ingress on Peel and Shear Fracture Toughness
Figures 4-10a and 4-10b show typical load-displacement curves of the peel and shear fracture tests,
respectively. For both types of tests, load increased almost linearly as the displacement at the end of
CFRP cantilever arm increased until the crack propagation initiated. After that point, load-displacement
curves of peel fracture test (both temperatures) showed stepwise decrease until the ultimate failure. This
corresponded to stepwise propagation of the crack front. The load at crack initiation of each consecutive
step was, in general, less than that of the previous step. This was because the length of CFRP cantilever
arm increased every step. Hence, smaller force was required to generate sufficient moment for crack
propagation. On the other hand, shear fracture test (both temperatures) showed almost a linear drop in
load after crack initiation and a sudden cut-off, which corresponded to CFRP plate being completely
removed from the specimens.
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Figure 4-10: Typical load-displacement relationship of peel and shear fracture tests
Figure 4-11 shows the effect of moisture on the peel and shear fracture toughness. The mechanical
properties of the constituent materials were obtained from the material characterization and mass
diffusion simulation discussed previously. The values of fracture toughness shown in the figures are the
average values from three specimens in each condition group. Significant reduction in fracture toughness
after moisture conditioning in both peel and shear fracture specimens indicated that moisture had
detrimental effect on the strength of the bond system. More than 50% of the initial bond strength was
reduced by the exposure to moisture, even after an initial duration of just two weeks. For both peel and
shear fracture specimens, there was a shift in the failure mode from concrete delamination in the dry
specimens, to concrete/epoxy interface separation in the wet specimens, at both room and high
temperatures (Figure 4-12). This indicated the weakening of the interface due to the presence of moisture.
It is observed from Figure 4-11 that the fracture toughness reaches an asymptotic value after 8 weeks for
both peel and shear fracture specimens. Hence, from Table 4-2, the threshold moisture contents (Ch),
beyond which no additional degradation is registered, are 1.29 at room temperature and 2.71 at high
temperature. The correlation between the moisture-affected fracture toughness and the ratio of threshold
moisture content (C/Ch) are shown in Figure 4-13. These bond strength values were used as reference
values when investigating the effect of moisture reversal and moisture cyclic condition.
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Figure 4-11: Effect of moisture on bond strength of peel (a) and shear (b) fracture specimens.
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Figure 4-12: Failure mode shift in peel and shear fracture specimens.
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Figure 4-13: Empirical relationship between moisture content and the effect of continuous
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4.3 Effects of Cyclic Moisture Condition on FRP/Concrete Bond System
4.3.1 Moisture Reversal
In the case of moisture reversal, peel and shear fracture specimens were conditioned under the
moisture environment for 1, 2, 3, 4, 6, and 8 weeks at 23 *C and 50 'C. Before testing, the specimens
were left to dry in order to investigate any irreversible effect of moisture on the bond strength. The
drying duration has been determined by observing the weight change during drying of bulk epoxy
coupons and separate group of the peel/shear fracture specimens that were conditioned for various periods
of time. For this part of the study, dry condition was defined as the duration after which small change in
weight was registered in such specimens. It has been found that at least four days is required for the
specimens to attain a small weight change (less than 0.05%). Therefore, dry duration was 4 days in this
study. Characterization of plain concrete and the epoxy under moisture reversal were also conducted by
means of compressive and tensile tests, respectively. Young's modulus as a function of moisture content
before drying was used in calculating the residual fracture toughness. Figure 4-14 shows the residual
Young's modulus of the epoxy after moisture reversal with respect to the intermediate moisture content.
In this case, the intermediate moisture content was defined as the moisture content in the specimens
during a brief wet duration in a sequence of moisture cyclic condition. The epoxy was unable to regain its
initial mechanical property in spite of drying. This may be attributed to the loss of cross-linking density
and permanent swelling damage due the presence of water as discussed earlier. Figure 4-15 shows the
residual Young's modulus of concrete after moisture reversal. It can be implied from the plot that
concrete can regain its initial property after drying.
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Figure 4-14: Young's modulus of epoxy under moisture reversal
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Figure 4-16: Residual fracture toughness of peel and shear fracture specimens
obtained from moisture reversal tests
Correlation between the residual fracture toughness and the ratio of intermediate moisture content and
the threshold moisture content (C/C,h) is shown in Figure 4-16. In this case, the intermediate moisture
content was defined as the amount of water in the bond line at the end of each wet interval. Their values
are similar to the ones obtained for continuous moisture ingress (Table 4-2). Longer intermediate
conditioning durations resulted in higher permanent deterioration of the interface. Figure 4-16 and 4-17
show the comparison of the residual bond strength under moisture reversal and the bond strength under
continuous moisture condition for the peel and shear fracture specimens, respectively. Irreversible effect
of moisture conditioning was evident in both peel and shear specimens conditioned at both room and
elevated temperatures. It was found that although the specimens were dried before testing, deterioration
in the bond strength due to prior exposure to moisture could still be captured during the fracture tests. It
was clear that the specimens could not fully regain their initial bond strength, and that the residual
strength decreased for increasing intermediate conditioning durations. In general, the specimens could
regain some bond strength from drying, when compared to those tested in wet condition. Nonetheless, a
sharp loss in the ability to regain bond strength was apparent at conditioning durations longer than three
weeks. At elevated temperature, however, bond strength regain was observed only in the specimens
conditioned less than six weeks. The peel and shear fracture specimens conditioned for longer period at
this temperature seemed to have even lower strength than the wet specimens. One explanation could be
the difference in the coefficients of thermal expansion of the epoxy and concrete. Since specimens were
left to dry at room temperature after being conditioned at elevated temperature for a very long period of
time, there could be interfacial stresses created by differential expansion when the temperature changed
abruptly, causing additional damage to the interface. In term of failure surface, more concrete debris was
found on debonded epoxy layer in the specimens that had higher residual bond strength.
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Figure 4-17: Comparison between moisture-affected fracture toughness and residual fracture toughness
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Figure 4-18: Comparison between moisture-affected fracture toughness and residual fracture toughness
for shear fracture test at room (a) and elevated temperature (b)
4.3.2 Cyclic Moisture Condition
A total of 120 peel and shear fracture specimens were fabricated for this part. The specimens were
conditioned under water at both room temperature and at 50 *C. In order to determine the effect of
conditioning duration and the number of wet-dry cycles on the residual strength of the adhesive bond,
peel and shear specimens were subjected to a conditioning program shown in Figure 4-19, with
intermediate conditioning durations being 1, 2, and 3 weeks. Similar to continuous moisture condition,
three specimens were tested for each condition group. After each brief continuous moisture ingress, the
specimens were left to dry for four days in the laboratory at room temperature and approximately 60%
relative humidity. For example, each fracture specimen in the 2-weeks-2-cycles group underwent
conditioning sequence as follows - 2 weeks under water, followed by 4 days in dry condition, followed
by 2 weeks under water, and finally 4 days in dry condition. At the end of the conditioning program, the
specimens were left to dry at room temperature for four days before being tested using the same test
configurations as in Figure 4-2. The specimens with the intermediate conditioning durations of 1 week
and 2 weeks were subjected to 2, 4, 6, and 8 wet-dry cycles, while the specimens with intermediate
duration of 3 weeks were subjected to 2 and 4 wet-dry cycles. Corresponding material characterization
was also conducted for plain concrete and the epoxy to obtain mechanical properties as functions of
durations and cycles, which were used in calculating the tri-layer fracture toughness. Similar to the case
of moisture reversal condition, the properties of the concrete were not affected significantly by the wet-
dry cycles. On the other hand, Young's modulus of the epoxy at both temperatures decreased for longer
period of intermediate conditioning (and hence higher intermediate moisture content). This effect is
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Figure 4-20: Effect of cyclic moisture condition on Young's modulus of epoxy
at room temperature (a) and 50 'C (b)
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Figures 4-21 and 4-22 show the effect of wet-dry cycles on the residual interface fracture toughness
in the peel and shear fracture specimens. Both the number of wet-dry cycles and the intermediate
conditioning duration affected the residual bond strength. For each intermediate duration, reduction in
residual interface fracture toughness as the number of wet-dry cycles increases was observable in both
peel and shear fracture specimens. Longer intermediate conditioning duration resulted in smaller residual
strength. In most cases, higher temperature seemed to accelerate the deterioration process, resulting in
further reduction in the residual bond strength. This is possibly due to higher moisture uptake in between
each wet-dry cycle. Similar to moisture reversal, higher residual strength was also associated with more
concrete debris left on the fracture surface of the peel and shear fracture specimens. Specimens that were
conditioned for shorter durations and fewer wet-dry cycles appeared to have more concrete debris left on
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Figure 4-22: Effect of number of wet-dry cycles on the residual fracture toughness of shear specimens
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Figure 4-23: Varying degrees of residual concrete debris on epoxy surface in fracture specimens
under wet-dry cycles (peel specimens at room temperature are shown)
4.4 Service Life Prediction of FRP/Concrete Bond System Exposed to Wet-
dry Cycles
4.4.1 The Need for Service-life Prediction Model
In real-life applications, FRP-retrofitted structural members are exposed to humidity fluctuations due
to seasonal rainfall or snowfall. This kind of environmental fatigue can affect the effectiveness of FRP-
retrofit systems in a number of ways, as shown by various studies on durability of FRP-plated RC beams
and FRP-confined RC columns. In particular, cyclic moisture effect was identified as an important
environmental deterioration mechanism promoting the reduction in the overall stiffness and the ultimate
strength leading to premature system failures as discussed in Chapter 3.
In a civil infrastructure, each of the structural components is initially designed according to the design
guidelines to meet its own strength and serviceability criteria. For example, an RC beam girder in a
bridge needs to be checked during the design process for flexural and shear capacity, acceptable crack
opening, and maximum deflection. Similar criteria will need to be established for the durability and life-
cycle performance of the structure. Due to the physical change of the structure during its service life, and
possible chemical changes in the surrounding, the performance of the structural components may decrease
in various ways, which in turn affecting the overall structural integrity of the infrastructure in service.
Knowing when the performance of a structural component will fall below an acceptable limit could be
helpful in operation and maintenance planning. There are three aspects to be identified when determining
the service life-limit state, damaging factors that affect material properties, and deterioration mechanism
(Cheung and Kyle 1996; Hong and Hastak 2006). In case of FRP-strengthened RC beam members, the
limit state may be the flexural capacity prior to any premature debonding, which can be caused by
weakening of the concrete/epoxy/FRP interface. The corresponding deterioration process may be driven
by moisture diffusion. For example, rain or melting snow can seep through existing cracks or deck joints
to retrofitted RC girder and diffuse into FRP/concrete bond region, causing bond strength to deteriorate.
Hence, to predict the service-life, a model to describe the extent of deterioration with respect to the
moisture content is required.
4.4.2 Predictive Model Based on the Results from Moisture Cyclic Condition Test
Considering the results of the peel and shear fracture tests, the reduction in the FRP/concrete bond
strength under continuous moisture exposure can be expressed in the form of an exponential decay with
respect to interface moisture content:
1 = Ae-bcc) (4_3)
where the coefficients A and b in the equation above were obtained from the continuous moisture
condition tests (Figure 4-13). Due to the cyclic nature of the problem, a general form of the moisture
cyclic degradation model is proposed as follows:
dFdF= q(C / Ct )" (4-4)
dN
where F is interface fracture toughness obtained from Equation (4-3), N is the number of wet/dry cycles.
The coefficients q and n were determined from fracture tests on peel and shear specimens under several
sets of moisture cyclic duration, the results of which were discussed in Section 4.4. Their values at room
and elevated temperatures were obtained by statically curve-fitting the results from the cyclic moisture
condition tests (Figure 4-25). In other words, Equation (4-4) is the relationship between the deterioration
rate of the bond strength (dF7dN) and the intermediate moisture content in the bond line. It implies that as
the moisture concentration approaches the threshold value, a fewer number of wet/dry cycles will be
required for the fracture toughness to reach an asymptotic value. In order to determine the number of
cycles, Nh, that causes the fracture toughness to reach the asymptotic value, Equation (4-4) is to be
integrated:
NthF( 1
f dN = Nth = dtF (4-5)
0h - h
where Fo and Fh are the fracture toughness of the control specimens (dry) and the asymptotic fracture
toughness (wet), respectively. The coefficients in Equations (4-3) and (4-4) are shown in Table 4-3. It is
worth noting that these coefficients are specific to the certain type of adhesive used in this study.
Nonetheless, the methodology presented here is generally applicable to other commercially available
structural adhesives, and further studies are needed to establish the variation of the coefficients based on
the variety of epoxy types used in practice.
Table 4-3: Coefficients obtained from the moisture reversal and moisture cyclic condition tests
Peel Shear
Coefficients
Room 50 'C Room 50 'C
A 647.97 587.09 1040.4 1013.5
b 1.2386 1.3018 0.487 0.733
Cth 1.29 2.71 1.29 2.71
q 223.73 190.85 218.29 406.42
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Figure 4-24: Relationship between the rate of deterioration and the ratio of intermediate and threshold
moisture contents for (a) peel and (b) shear fracture specimens under cyclic moisture condition
As discussed earlier, it has been found that higher number of wet-dry cycle results in the reduction of






accelerate the deterioration process during the moisture cyclic conditioning, resulting in further decrease
of the residual bond strength. For simplicity, it is assumed here that the rate of deterioration remains
constant for any wet-dry cycle, while it is dependent only on the intermediate moisture content (Figure 4-
24). In reality, the rate of deterioration is generally high during the first few wet-dry cycles, but will
decrease to an almost constant value as the number of wet-dry cycles increases. Since civil structures are
designed to withstand many more wet-dry cycles during service-life, this assumption is quite reasonable
for this analysis. With this assumption, the integration of Equation (4-5) results in a function of C, which
is the level of intermediate moisture content between each wet-dry cycle:
Nth = 170 ~ 'Fth (4-6)
th C /th)
where 1' and ]-h are the initial fracture toughness of the control specimens (i.e. specimens not exposed to
moisture) and the asymptotic fracture toughness (wet condition), respectively. Substituting various
values of C/C,h into Equation (4-6), the number of cycles, at which the residual bond strength reaches an
asymptotic value, is plotted in Figure 4-25 for the peel and shear fracture specimens at room and elevated
temperatures. It was predicted that higher intermediate moisture content and higher temperature will
require slightly fewer wet-dry cycles in order for the fracture toughness to reach the asymptotic value.
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Figure 4-25: Number of wet-dry cycles required to reach the asymptotic value of the bond strength
4.4.3 Sample Application: Service-life of a Full-size CFRP-strengthened RC Bridge Girder
Exposed to Moist Environment
In real-life applications, existing reinforced concrete beams are designed such that the service load
should not cause any structural failure during the service life. This design philosophy also applies to the
case of an FRP-strengthened RC beam. Given a loading history during the design service life of an RC
beam, the driving force that can cause premature debonding may be characterized by the energy release
rate (ERR) of an existing interfacial crack at a given time. According to ACI-318 Building Code (ACI
2002), the stress in steel reinforcement is limited to 0.8 times its yield strength to avoid any inelastic
deformation. This limitation implies the maximum load a beam will carry during its service life.
However, this design principle is not conservative in that a premature failure by debonding may occur at a
lower level of the load. The ERR corresponding to the maximum load can indicate potential premature
failure when compared to available fracture toughness of the interfaces and the bulk materials (i.e.
concrete and epoxy). A schematic is given in Figure 4-26 for the service-life prediction based on the
proposed predictive model and the finite element method. The two input parameters of the predictive
model are the energy release rate and the interface moisture content, both of which are calculated from
FEM.
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Figure 4-26: Schematic of service-life prediction under moist condition
In order to demonstrate the use of the proposed predictive model, Equation (4-6), a CFRP-
strengthened concrete beam with a pre-existing interface crack was investigated. The beam had a span
length of 7.2 mn; and its geometry and reinforcement are given in Figure 4-27. An interface crack of
length 5 cm was initially placed at the interface between concrete and the epoxy layer to simulate a
possible initially debonded region, which may occur during or after application of the CFRP plate due to
poor workmanship or environmental exposure. This value of crack length was selected based on its
criticality compared to the asymptotic value of the bond strength after a number of crack lengths were
investigated using FEM. A set of finite element models of the beam was built using a commercial finite
element program (ABAQUS 2006). Each model, representing half of an actual beam, had a pre-existing
diagonal crack in concrete connected to the interface crack (Figure 4-28). This diagonal crack
represented existing intermediate shear-flexural cracks in a pre-loaded RC beam before FRP-
strengthening was applied. A pair of diagonal cracks and an interface crack were positioned at different
locations in each model to investigate their criticality on the ERR. Except for the case of plate-end
debonding, which had no diagonal crack, the interface crack was located at 5, 35, 65, 95, 125, and 155 cm
from the loading point.
A. Constitutive Model of Materials, Finite Elements, and Loading Scheme
In finite element implementation of the FRP-strengthened RC beam, concrete was modeled by 4-node
plane-strain elements. A concrete damage plasticity model was used to describe the compression and
tension behavior of concrete, using properties from material characterization. In both regimes, a linear
elastic behavior was assumed up to the yield stress of concrete, with Young's modulus being 35 GPa
from material characterization. In the compression zone, the concrete was assumed to deform in a
nonlinear manner (Figure 4-29) with yield and ultimate stresses of 15 MPa and 36 MPa, respectively.
With this model, the stiffness of the concrete elements was reduced to zero when cracking was
determined to have occurred at an element integration point. The effect of biaxial loading (i.e. biaxial
failure of concrete) was taken into account by specifying failure ratios. Interaction between the concrete
and the steel reinforcement in the tension zone was governed by a tension stiffening model, in which the
stiffness of concrete in the vicinity of the reinforcement decreased linearly as the crack opening increased.
Cracking in the concrete is initiated when the tensile stress exceeds 3.72 MPa. The area under this
softening curve was controlled by the mode I fracture energy of concrete, which was 124 N/m (Meyer et
al. 1994). These values were chosen to ensure convergence of the solution for the purpose of
demonstrating the application of the proposed model.
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Figure 4-27: Geometry of full-scale FRP-strengthened RC beam
Modeled using a 2-node truss element, the steel reinforcement was assigned a bi-linear material
behavior with specified Young's modulus of 200 GPa and yield stress of 552 MPa, while the CFRP plate
and the adhesive were modeled by 4-node plane-strain elements with linear elastic behavior (Figure 4-29).
The Young's moduli of CFRP plate and the adhesive were 148 GPa and 1.5 GPa, respectively. By
assuming a perfect bond between the steel reinforcement and the concrete, the truss elements were
embedded at the edges of concrete elements, meaning that the nodal displacements of the two element
types were the same at the contact. Regarding boundary conditions, a displacement was applied at the top
of the beam to simulate loading of the beam under a displacement control. The model was allowed to
move only in the y-direction on the left side to create symmetry, but allowed to move in both x-and y-
directions at the bottom support (Figure 4-28). Reaction forces at the supports, nodal displacements,
stresses, and strains were recorded as the results of the simulation. Yielding of the steel reinforcement
was determined from the contour plot of the principal stresses in the model. The load level corresponding
to the first occurrence of steel reinforcement yielding was then used as the maximum allowable load for
the beam in the next step of the analysis when calculating the maximum ERR. Due to the nonlinear
behavior of concrete in the tension region after cracking, a quasi-Newton technique (ABAQUS 2006)
called BFGS method (Broyden-Fletcher-Goldfarb-Shanno) was used to improve the convergence rate in
the analysis. In cases when the BFGS method led to a difficulty to converge to a solution, an energy
dissipation scheme was implemented to overcome rapid change in the kinetic energy of the elements due




Figure 4-28: FE model of full-scale FRP-strengthened RC beam and the submodel











Figure 4-29: Material constitutive models of concrete, steel reinforcement, CFRP, and epoxy
B. Energy Release Rate Calculation
Pre-notch in the concrete beam and initial interface crack at the concrete/epoxy interface were
modeled by having the regenerated nodes on the opposite surfaces of the cracks sharing initial coordinates.
This allows an initially closed surface to separate as a result of the external load. In order to calculate the
stress intensity factors, K, and KII, at the interfacial crack tip, the interaction integral method (Shih and
Asaro 1988) was implemented together with 8-nodes singular elements at the crack tip in a separate
submodel (Figure 4-28). The nodal displacements of all the elements in the submodel were governed by
the displacement field from the half-beam model described above. Knowing the mode I and mode 1I
stress intensity factors (K and K 1), the driving force for crack propagation can be calculated in terms of
the corresponding energy release rates. Unlike fracture in a homogenous material, K, and K 1 are complex
stress intensity factors in interface fracture (Rice 1988; He and Hutchinson 1989b). Assuming plane
strain condition, the energy release rates in mode I and mode II (GI and G1) are given by:
G,= _(K7) E* G = (K) (4-7)G=E * (,adG E*
where
1 _1 1 1
-__ = -(--+ =-),
E* 2 Ei E 2
i (Ku2 -1)-P 2(KI -1)
#j (K2 i-)+P2 (K1 +1)
and ic = 4-4vi, E1 = E, /(1-v, 2 ), y, the shear modulus, vi is the Poisson ratio, E the Young's modulus,
with i denoting the individual constituents. Note that switching the materials changes the sign of #l, but
will not affect the value of the energy release rate. In this case, material 1 is defined as concrete, while
material 2 the epoxy.
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Figure 4-30: Normalized moisture content in the adhesive bond line as predicted by FEM
for a time period from 2 to 10 weeks (plane view of the bond line in the beam soffit)
C. Interface Moisture Content during Service Life
Since the predictive model was derived from the relationship between the rate of bond strength
deterioration and the intermediate moisture content, a finite element simulation of moisture diffusion in
the FRP-strengthened RC beam had to be performed. The relative humidity (R.H.) in the U.S. is
generally in the range of 30 and 80 during a year. At some point, R.H. may become as high as 100%, for
example, in Florida and Louisiana during a rainy season. An FRP-strengthened beam would be exposed
to high moisture condition during a rainfall. Using this as the boundary condition in a moisture diffusion
simulation, together with the solution scheme discussed in Section 4.1.2, the predicted moisture content
present in the bond line of the full-scale FRP-strengthened RC beam after various durations was
calculated as shown in Figure 4-30. According to precipitation frequency information published by
NOAA's National Weather Service (Hershfield 1961), the typical rainfall durations are ranging from 30
minutes to 24 hours. For this rainfall durations, the predicted interface moisture content would be as large
as 0.02 weight %; or C/C, is 1.55 %.
D. Prediction of Service Life under Cyclic Moisture Condition
For a beam model of the same configuration and reinforcement without any interface crack, the
maximum allowable service load under 4-point bending is 368 kN to avoid non-elastic deformation of the
reinforcement. This value is close to the one obtained analytically using elasticity and strain
compatibility (ACI 2002). In practice, a beam with the same configuration as the model would have the
maximum value of the driving force for interface crack propagation limited by this load level. The
criticality of the crack location on the energy release rate is shown in Figure 4-31. When the interface
crack is located further from the loading point toward the support, G, will be increasing (see Figure 4-3 1a).
On the other hand, G, will reach its maximum value in the early stage of loading, and will be decreasing,
when the interface crack is closer to the loading point (i.e. interface crack mouth is closing). For mode II,
GI, is increasing as the load increases in most cases, except for the case when the interface crack is located
35 cm from the loading point (see Figure 4-31b). Both energy release rates are very much negligible
when the location of the interface crack is at the plate-end. The maximum energy release rates attainable
within the limit of the service load for all cases are listed in Table 4-4.
Note that from Table 4-4, G, for all cases are smaller than the threshold value of the peel fracture
toughness obtained from the continuous moisture condition test. This implies that interface debonding
due to the moisture effect is unlikely to occur by mode I fracture. Same conclusion can also be made for
G11 in most cases, except for the location of interface crack at 35 cm. The value of G1, at this location is
higher than the threshold value of shear fracture toughness, implying that premature failure by debonding
in a FRP-strengthened RC beam is most likely governed by the mode II fracture. Therefore, an existing
interface crack at this location may be considered critical and most likely to cause extensive debonding
after extended period of exposure to cyclic moisture condition. Solving Equation (4-5) with the original
fracture toughness and the corresponding ERR from the FE analysis as the upper and lower bounds of the
integration on the right side of the equation, the number of wet-dry cycles required for the concrete/epoxy
bond strength to reach that particular value of fracture toughness, GI, is given as:
Nf = (4-8)fq (Cin / Ct, n
where C,, is the intermediate moisture content (from diffusion simulation) and G11 is the maximum ERR
of the FRP-strengthened beam in consideration. The number of wet-dry cycles to cause permanent
deterioration in the bond, resulting in residual shear fracture toughness of GI, = 455.7 N/m, is shown in
Figure 4-32 for various interface moisture contents. For typical rainfall durations, 30-minute, 1-hour, 6-
hour, and 24-hour, the ratio of threshold moisture contents are 3x10-4, 6x10-4 , 3.7x10~4, and 0.015,
respectively. Correspondingly, the number of wet-dry cycles required to reach the residual fracture
toughness of 455.7 N/m are 129, 94, 41, and 21 cycles. Nonetheless, the probability of having a rainfall
of longer duration, 24-hour for example, in a year is quite small. Therefore, the service-life is likely to be
much more than 21 cycles. In order to obtain the service-life in term of the expected number of years, an
in-depth statistical analysis on rainfall data similar to (Hershfield 1961) should be performed. Note that
the effect of mode-mixity on the interface bond strength was neglected in this analysis. It should be taken
into account when such data is available.







Figure 4-31: (a) Mode I and (b) mode II energy release rates in FRP-strengthened RC beams with
an interface crack at various locations
Table 4-4: Maximum mode I and II energy release rates limited by the service load
Location of Maximum ERR (N/m)
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Figure 4-32: Number of wet-dry cycles to reach residual shear fracture toughness of G1 = 455.7 N/m
4.5 Summary
The effects of variable moisture conditions on the fracture toughness of FRP/concrete bonded system
have been studied by means of the peel and shear fracture toughness determined from the conditioned test
specimens. Moisture conditions can result in degradation as follows:
" Prolonged exposure to moisture condition resulted in significant degradation of the
CFRP/concrete bond strength. Degradation can be as much as 70% for specimens conditioned
for 8 weeks.
* After a certain period of time, the bond strength approached a certain value. No further
significant degradation was observed thereafter. This asymptotic fracture toughness is the
minimum bond strength a concrete concrete/FRP bonded system can retain after a very long
moisture exposure.
* In addition, moisture reversal and cyclic moisture conditioning tests showed that the adhesive
bond cannot regain its original bond strength after successive wet-dry cycles. The residual bond
strength decreases when the number of wet-dry cycles and the intermediate conditioning duration
increases.
* In all cases, the failure mode changes were observed in specimens exposed to moisture, linking
the degradation of concrete/FRP bond with the weakening of the interface between concrete and
the epoxy. This behavior could be considered during design process and maintenance planning
for an FRP-strengthening system by developing and incorporating a predictive life-cycle model
based on the experimental results under moisture cyclic condition.
* Based on the concept of fracture mechanics, the application of the proposed service-life
prediction scheme has been demonstrated through a finite element model of a full-size FRP-
strengthened RC beam and moisture diffusion simulation. Based on this deterioration behavior, a
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predictive model has been developed for predicting the service-life of FRP/concrete bond systems,
enabling engineers to incorporate a service-life analysis into the design process and maintenance
planning of an FRP-strengthening system.
The information on the strength of FRP/concrete bond system obtained in the meso-scale peel and shear
fracture tests were used next in the analysis of the failure behavior of FRP-strengthened beams under
variable moisture conditions. In the following chapters, experimental investigation and numerical
analysis of debonding problem in such FRP-strengthened concrete system will be present.
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CHAPTER 5
Experimental Investigation: FRP Strengthened
RC Beams under Moisture Condition
5.1 Introduction
Tests on the meso-scale peel and shear fracture specimens have shown that the presence of moisture
can degrade the strength of the FRP/concrete bond joint, resulting in debonding of the concrete/epoxy
interface. In addition, material characterization has also indicated degradation in the mechanical
properties of the concrete and the epoxy. It is noteworthy to investigate if the similar degradation can
also occur at the structural level. As discussed in Chapter 3, the mechanics and failure behavior of FRP-
strengthened RC beams depend on the beam geometry and the properties of the constituents. Failure
mechanisms can take place in the forms of steel reinforcement yielding, concrete crushing, FRP rupture,
shear failure, concrete cover separation, or FRP debonding. The last two failure modes are premature and
brittle in nature, and they can be prevented by a proper provision of end anchorage. However, when long-
term environmental exposure is under consideration, these premature failure modes may still take place in
FRP-strengthened RC beams along with reduction in the stiffness due to degradation of the constituents
and the bond strength. In this chapter, a number of laboratory-sized beam specimens were tested after
moisture conditioning to investigate the effect of moisture degradation on the mechanical and debonding
behaviors when various types of defect are present. Correlation with the results from the meso-scale tests
were later made in order to gain further understanding and to develop a methodology for the analysis of
moisture-affected debonding behavior in FRP-retrofitted concrete structures.
5.2 Experimental Investigation
5.2.1 Objective of Experimental Studies
The objective of this part is to investigate the effect of moisture exposure on the mechanical and
failure behavior of FRP-strengthened RC beams. Any environmental degradation will be indicated by
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premature debonding failure. Test results will be correlated with the test results from the peel and shear
fracture specimens under continuous moisture condition.
5.2.2 Experimental Approach
Three groups of specimens, corresponding to three different conditioning periods, were tested. Each
FRP-plated specimen contains a pre-existing interfacial crack to simulate a defect that can occur during
the application of FRP or under service load in real-life application. Two locations of interfacial crack
were investigated for each group of specimen, namely at the plate-end and at a pre-notch in the shear span.
The latter simulates behavior of beam with existing shear-flexural cracks due to an external load. Two of
the three groups of the specimens were conditioned under water for 2 and 8 weeks at room temperature
before being tested in the laboratory. Any premature debonding failure, due to reduction in the
FRP/concrete bond strength, was expected to initiate from these initial defects because of high stress
concentration (Figure 3-7). Load vs mid-span deflection behavior were recorded and analyzed to
investigate the change in overall stiffness of the system. Failure modes and fracture behaviors were
observed and compared to the meso-scale fracture test.
5.3 Test Specimens, Test Setup, and Instrumentation
5.3.1 Test Specimen Configuration and Preparation
Eight beam specimens in total with the span length of 1080 mm were tested in this experimental
program. The cross-section area of each specimen was 120 mm x 140 mm (Figure 5-1). The control
group consisted of two beam specimens-one with no FRP reinforcement and one with FRP
reinforcement, but no artificial defect. For the remaining specimens, two types of defect were
incorporated into two groups of specimens. The first group of the three specimens (namely FRP-RC-PEO,
FRP-RC-PE2, and FRP-RC-PE8) contained a defect in the form of interfacial crack between the concrete
and epoxy layer near the plate-end (Figure 5-2b). The second group of three specimens (namely FRP-
RC-INO, FRP-RC-IN2, and FRP-RC-IN8) contained a defect in the form of interfacial crack between
concrete and epoxy layer at a 45-degree notch (Figure 5-2b). Longitudinal tensile reinforcement is
located at a distance 30 mm from the beam soffit. The geometry of CFRP plate is 50 mm x 1.28 mm x
1000 mm in all FRP-strengthened specimens. Although the cross-sectional area and length of CFRP plate
were fixed in this experiment, a number of studies have shown that it can affect failure behavior. This
effect will be discussed through a numerical study in Chapter 6 instead. Table 5-1 summarizes the
specifications of all the test specimens in this experimental program.
The beam specimens were manufactured in the concrete laboratory and allowed to cure for 28 days
before application of a CFRP plate. Two 3 mm-thick Teflon plate was placed at 45 degree on the soffit
104
side of the wooden formwork to create initial concrete notches in FRP-RC-INT specimens (Figure 5-2).
The purpose of this is to simulate the behavior of an FRP-strengthened RC beam with pre-existing
intermediate shear-flexural crack. A pneumatic needle scaler was used to roughen the concrete surface
where a CFRP plate was to be applied to ensure maximum bond strength. Similar to the peel and shear
fracture specimens, surface roughening was done until the coarse aggregate was exposed to ensure
maximum bond strength. MEK was applied on both the roughened concrete surface and the CFRP plate
before applying epoxy adhesive to remove any grease. A 10 mm-long Teflon tape was placed between
the concrete surface and epoxy layer to create an initial interfacial crack (i.e. a defect) of the same length
at the plate-end (specimens FRP-RC-PE0, FRP-RC-PE2, and FRP-RC-PE8) and the slant notch
(specimens FRP-RC-INO, FRP-RC-IN2, and FRP-RC-IN8). The beam specimens were left to cure for 21
days before moisture conditioning in dry condition at room temperature. FRP-RC-INT2, FRP-RC-INT8,
FRP-RC-PE2, and FRP-RC-PE8 specimens were subsequently conditioned in a container. Due to the
limited height of the container, the specimens were submerged partially up to half the specimen height
with CFRP plate facing down. The water level was maintained at this height until the specimens were
ready to be tested in the laboratory.
Table 5-1: Specifications of test specimen
Specimen Conditioning Defect Type Location of Initial
Duration (weeks) Interfacial Crack*
NFRP-RCO 0 None n/a
FRP-RCO 0 None n/a
FRP-RC-PEO 0 Plate-end crack 490 mm
FRP-RC-PE2 2 Plate-end crack 490 mm
FRP-RC-PE8 8 Plate-end crack 490 mm
FRP-RC-INTO 0 Interm. Shear-flexural crack 350 mm
FRP-RC-INT2 2 Interm. Shear-flexural crack 350 mm
FRP-RC-INT8 8 Interm. Shear-flexural crack 350 mm
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Figure 5-2: Artificial defects in beam specimens in the form of interfacial crack at
(a) plate-end and (b) intermediate shear-flexural crack
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Figure 5-3: Some of the test specimens in laboratory
5.3.2 Four-point Bending Test Setup and Procedure
The specimens were placed on a loading platform made of high-stiffness steel components. The
specimens were supported on one end by a roller and on the other end by a ball socket to minimize lateral
constraint. These supports in turn rested on four roller plates to reduce any friction induced by the
vertical load during the test (see Figure 5-4). Loading is applied by controlled upward vertical movement
of the bottom platform of the loading frame at the displacement rate of 2 mm/min. Force was transferred
from the top cross-head, which was connected to a 60 kips load cell, to the specimens via an I-beam with
a span length of 360 mm. Midspan displacements were monitored with LVDT (not shown in Figure 5-4).
Specimen under 4-point bending Right support
Amplifier and Wheatstone bridge Left support
connected to strain gages
Figure 5-4: Four-point bending test setup in laboratory
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5.3.3 Instrumentation of Test Specimens with Strain Gages
The mid-span displacement was monitored by an LVDT. Due to the symmetry of the loading
configuration, five strain gages (350 ohms and 10 mm effective gage length) were installed on the outer
surface of the CFRP plate at the locations shown in Figure 5-1. These locations were chosen such that the
strain gages measured the strains of significant magnitude in the vicinity of the introduced concrete cracks
and the plate-end. The signals were monitored in real-time during loading using a custom-made signal
amplifier and a data acquisition system capable of recording multiple signal channels simultaneously.
5.4 Materials
5.4.1 Concrete
Type I cement obtained from a local distributor was used. The mixing ratio is 0.5:1.0:2.4:1.6 by
weight for water, cement, sand, and gravel, which is similar to the peel and shear fracture specimens.
Concrete compressive strength and Young's modulus after 28-day curing were determined from material
characterization to be 32 MPa and 35 GPa, respectively. The mechanical properties of the concrete as
affected by moisture are discussed in Chapter 4.
5.4.2 Steel Reinforcement
Internal longitudinal reinforcement consists of two #4 ribbed reinforcing bars (12.7 mm diameter) for
tensile reinforcement, and two high-strength steel bars (5.4 mm diameter) for compressive reinforcement.
Since no ribbed reinforcing bar of smaller diameter is available at the local distributor, same type of high-
strength steel bar was also used for transverse steel reinforcement (stirrups). In total, 20 stirrups were
placed at 40 mm interval along the shear span, and jointed with the longitudinal reinforcement using steel
wires. Extra amount of stirrups was provided to ensure that none of the beam specimens would fail by
shear.
5.4.3 FRP Composite
FRP composite made of carbon fibers, similar to the one in peel and shear fracture specimens, was
used in this study. The CFRP is in a form of pultruded laminate with a dimension 1.28 mm x 50 mm.
With an average fiber volumetric content of 70%, the tensile strength and Young's modulus reported by
the manufacturer are 3100 MPa and 165 GPa, respectively.
5.4.4 Epoxy Adhesive
A commercial 2-part epoxy adhesive, commonly used in FRP-strengthening system for concrete, was
obtained from a manufacturer. The main constituent of this ambient-cured epoxy is DGEBA (diglycidyl
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ether of bisphenol A), which will be hardened by either polyaddition or monopolymerization processes.
This type of epoxy was also used in the peel and shear fracture specimens, so that the result from the 4-
point bending test can be correlated with that from the fracture tests. The tensile strength and Young's
modulus of the epoxy obtained from tensile test are 25 MPa and 1.5 GPa, respectively. These values are
in a good agreement with those reported in material data sheet provided by the manufacturer. The
mechanical properties of this epoxy as affected by moisture are discussed in Chapter 4.
5.5 Test Results and Discussion
5.5.1 Flexural Capacity Calculation
According to the flexural strengthening design guideline reviewed in Chapter 3, the failure behavior
of a FRP-strengthening RC beam depends on the relative amount of FRP reinforcement used (pf). For all
the CFRP-plated beam specimens, the value of pf is 0.00455. The balance FRP ratio for steel yielding
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The negative value of pp means that FRP rupture will never take place regardless of the FRP
reinforcement ratio. The value of pf falls well between pf and pA. Therefore, the specimens are expected
to fail by reinforcement yielding followed by concrete crushing. For this mode of failure, the location of
neutral axis is given by Equation (3-8) as:




112.72+ 112.722 -4(5067.36X- 4.158) =0.042
2(5067.36)
The corresponding nominal flexural capacity is calculated as:
M, = Af d - + AEfe, -_1)(h - '1
=(2.58 x 10-4)(5.52 x105) 0.11 - I1(0.042)
2
+ (6 x 105 )(1.65 x 108 )(0.003) 0.14 -1 0.14- 81(0.042) =19.29 kN-m0.042 2
For a 4-point bending load configuration, the associated failure load, P,, is calculated as:
P = 6M" = 107.19 kN
"1.08
Since no FRP shear reinforcement is provided for the beam specimens, sufficiently large transverse steel
reinforcement had to be provided from the beginning to prevent shear failure during the test. This is
approximately 40% higher than the designed flexural failure load.
It is beneficial to check if debonding failure would occur based on the design guideline to prevent
FRP debonding (ACI 2007). Equation (3-22) requires that the strain in the FRP plate be smaller than:
=1K nEft,
- 1 - I 0.90s
60 2,000,000) f
- 1- (1)(1.65 x 10 )(1.2 x 10-) (0.90)(0.0164)
60 2,000,000
= 0.01502 s 0.01476
In order to avoid FRP debonding, £jmust be smaller than 0.0 1476 at the ultimate state. The strain at the
ultimate state can be obtained from beam section analysis. Since the failure will occur by steel
reinforcement yielding followed by concrete crushing (RYFCC), Ef at the ultimate state is given by strain
compatibility as:
=(0.003) 0.14 -1 =0.007
0.042
Since Ef at the ultimate state is smaller than 0.01476, failure by FRP debonding was not to be expected
according to the ACI Code.
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5.5.2 Failure Behavior of RC Beam Specimens with and without FRP Strengthening
As predicted by the design guideline discussed in Chapter 3, the non-strengthened beam (NFRP-RCO)
failed by yielding of steel reinforcement. The relationship between the load and the midspan deflection is
shown in Figure 5-5. Generally linear load-deflection relationship was observed at a low load level in this
specimen. Once the tensile stress exceeded the modulus of rupture of the concrete (i.e. when M> Me,),
flexural cracks began to appear along the tension face of the specimen. This corresponds to the onset of
the nonlinear regime in Figure 5-5. The load then increased non-linearly until it reached a plateau, which
corresponded to the moment capacity of the specimen. Once the tensile reinforcement started to yield, the
load remained almost constant until concrete crushing or ultimate failure of the steel reinforcement took
place.
Load vs midspan deflection
0 2 4 6 8 10
Mids pan Deflection (mm)
12 14 16
Figure 5-5: Load vs mid-span deflection relationships of non-strengthened beam
specimen (NFRP-RCO) and strengthened beam specimens
Figure 5-6: Pattern of cracks at the plate-end in the strengthened beam specimen (FRP-RCO)
Figure 5-5 also compares the load vs deflection behavior of the NFRP-RCO and FRP-RCO specimens.
The FRP-strengthened beam specimen clearly had significantly higher stiffness than its non-strengthened
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counterpart as indicated by the linear and non-linear portions of the two curves. As a result, flexural
cracks were formed in the FRP-RCO specimen at a slightly higher load level. Once cracks were formed,
the flexural behavior of the specimen was largely non-linear up to ultimate failure, which took place in
the form of concrete cover delamination (Figure 5-6). Due to additional stiffness, the maximum load of
the FRP-RCO specimen was approximately 25% larger than that of the NFRP-RCO specimen (i.e. 84.84
kN for the FRP-RCO specimen vs 67.75 kN for the NFRP-RCO specimen). It is worth noting that the
maximum load obtained from the experiment is about 25% smaller than that predicted by the design code.
This is due to premature failure by concrete cover delamination, which initiated from the plate-end,
instead of steel reinforcement yielding as predicted by the calculation in the previous section. This failure
mode usually occurs when the stress in CFRP plate is too high for the concrete near the plate-end to
maintain structural integrity. Based on limit of the stress in the CFRP, the design code also predicted that
no debonding failure would occur. However, due to low concrete fracture toughness for this particular
concrete mixing ratio, concrete cover delamination took place at the lower load level instead. Therefore,
in order to correctly predict failure mode of FRP-strengthened beam, it is very crucial that all material
properties are known in advance and a counter-measure against possible premature failure mode is
provided. This can be in the form of vertical external FRP reinforcements as discussed in Chapter 3.
Table 5-2: Summary of maximum load and failure behavior of beam specimens
Specimen Maximum Failure Behavior
Load (kN)
NFRP-RCO 67.75 Reinforcement yielding
FRP-RCO 84.84 Concrete cover delamination
FRP-RC-PEO 80.86 Concrete cover delamination
FRP-RC-PE2 74.66 Concrete cover delamination
FRP-RC-PE8 68.81 Concrete cover delamination
FRP-RC-INTO 76.44 Concrete cover delamination
FRP-RC-INT2 73.07 Concrete cover delamination
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Figure 5-7: Strain profile in CFRP plate of the strengthened beam specimens under dry condition
5.5.3 FRP Strengthened RC Beam Specimens with Initial Interface Crack at Plate-end
The load vs deflection behaviors of the FRP-RC-PEO, FRP-RC-PE2, and FRP-RC-PE8 beam
specimens are shown in Figure 5-8. Linear elastic behavior was observed initially in all three specimens
up to the load level corresponding to the cracking moment (Mer) of the cross-section. After the first
flexural concrete cracking, the flexural stiffness did not decrease as much as that in the non-FRP-
strengthened specimen (NFRP-RC). The dry specimen (FRP-RC-PEO) had slightly higher stiffness than
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the specimens exposed to moisture condition. High strain was present in the CFRP plate closer to the
midspan, while it vanished closer to the plate-end. This is similar to the strain profile of the FRP-RCO
specimen (Figure 5-8).
Under the maximum load level approximately 70 to 80 kN across the three specimens, concrete
cracking started from the plate-end near the initial interface crack. This crack continued to propagate to
the tensile reinforcement as the load capacity of the specimens was dropping (see Figure 5-8). Similar
global failure mode by concrete cover delamination was observed in all three specimens. The FRP-RC-
PEO specimen had the highest maximum load, while the FRP-RC-PE8 had the lowest maximum load near
the onset of concrete cover delamination. Nonetheless, upon a close inspection of the adhesive bond line
and the CFRP surface, it was found that some local interface debonding had already taken place in the
FRP-RC-PE8 specimen (Figure 5-9). These debonded regions were located near a number of flexural
cracks that were the results of the applied load.
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Figure 5-8: Load vs midspan deflection behavior of the FRP-RC-PE and FRP-RC-INT specimens
Figure 5-9: Failure mode and local debonding in the FRP-RC-PE8 beam specimen
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5.5.4 FRP Strengthened RC Beam Specimens with Intermediate Shear-Flexural Crack
The load vs deflection relationship of the FRP-RC-INTO, FRP-RC-INT2, and FRP-RC-INT8 beam
specimens are also shown in Figure 5-8. Linear elastic behavior was observed initially in all three
specimens up to the load level corresponding to the cracking moment (M.) of the cross-section. After the
first flexural concrete cracking, the flexural stiffness did not decrease as much as that in the non-FRP-
strengthened specimen (NFRP-RC). In all three specimens, as the load level approached the maximum
value (ranging between 75 and 65 kN), concrete cracking started from the plate-end and propagated as a
thin layer close to the concrete/epoxy interface for approximately 50 mm. The crack then kinked deep
into the concrete cover and continued to propagate along the tensile reinforcement as the load capacity of
the specimens was dropping (see Figure 5-10). Similar to the specimens with an initial plate-end
debonding, global failure mode by concrete cover delamination was observed in all three specimens.
However, upon a close inspection of the adhesive bond line and the CFRP surface, it was found that local
interface debonding also has also taken place in the FRP-RC-INT8 specimen (Figure 5-10). This
interface crack seemed to initiate from the initial interface crack near the initial concrete notch, which
suggested that the CFRP/concrete bond was weakened enough under 8 weeks of moisture conditioning
for such a crack to initiate at that critical location. The presence of high stress intensity in the vicinity of
the initial notch is in good agreement with Figure 5-7c, in which relatively high strain was present in FRP
over the initial concrete notch (i.e. strain gage #3).
Concetecovr Rgion of interface ruitial interface
de amination crack propagation crk
Colcrete cover delat" itial notch
Figure 5-10: Failure mode and local debonding of the FRP-RC-INT8 beam specimen
5.5.5 Discussion of Experimental Results
According to the load vs midspan deflection behaviors of the FRP-strengthened beam specimens,
continuous moisture exposure did not significantly affect the global behavior of the FRP-strengthened
systems. The loads corresponding to the onset of first flexural cracks were about the same in all cases.
Figures 5-9 also shows slight difference in the stiffness after concrete cracking between the FRP-RC-PE
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and FRP-RC-INT specimens. This was a result of having an initial notch in the concrete, which relieved
some of the tensile stress in the tension face of the beams before the onset of flexural cracks. However,
the FRP-RC-PE specimens generally had higher failure load than the FRP-RC-INT, which can be
attributed to additional flexibility in the FRP-RC-1NT specimens provided by the presence of the initial
notch in the concrete. Compared to the dry specimens, a slight loss of the stiffness was observed in the
specimens exposed to moisture for both 2 and 8 weeks. This can be a result of the epoxy losing its load
transferring ability due moisture degradation as suggested by the material characterization discussed in
Chapter 4.
Although the overall load-deflection behavior is similar across all the FRP-strengthened specimens,
several small debonded regions were observed in the FRP-RC-INT8 and FRP-RC-PE8 specimens. This
is in contrast to the observation in the meso-scale peel and shear fracture tests, in which only the dry
specimens failed by crack propagation into a thin layer of concrete, while all moisture-conditioned
specimens failed by a separation of the concrete/epoxy interface. It is worth noting that to investigate the
effect of continuous moisture condition, the peel and shear fracture specimens were completely
submerged under water. On the other hand, the beam specimens were conditioned only partially with half
the height under water. Therefore, for the same conditioning duration, the interface moisture contents of
the two cases may not have been the same, and direct correlation between these two studies cannot be
made. In addition, size effect and mode-mixity may also play a major role during local debonding
initiation in an FRP-retrofitted structural member. Since both mode I and mode II were present at the
critical locations, from which debonding initiated in the beam specimens, the loading at the defects was
not exactly either peeling or shearing as in the meso-scale fracture test, but rather a combination of the
two. One way to verify these explanations is to perform moisture diffusion simulation for the interface
moisture content in the beam specimens. Then corresponding material and interface properties can be
correlated and used in the analysis of the beam specimens. It is worth noting that although local
debonding does not affect the load-deflection behavior during loading stage, it can lead to further
weakening of the FRP/concrete interface by increasing surface area directly exposed to moisture. As a
result, more moisture can diffuse into the bond line, and ultimately result in a failure in the form of
FRP/concrete interface separation.
5.6 Summary
To investigate the effect of moisture on the behavior of FRP-concrete system, seven FRP-
strengthened RC beam specimens and one non-strengthened RC beam specimen were tested under 4-
point bending. It was found that in general the load-deflection behavior of all the beam specimens were
similar regardless of the moisture conditioning durations. Slightly smaller stiffness was observed in the
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beams exposed to moisture. Nonetheless, local debonded regions, initiated from either the initial
interface crack or resultant flexural cracks, were also observed during the test in the specimens
conditioned under the duration of 8 weeks. This result indicates that weakening of the FRP/concrete bond
strength in the systems conditioned under 8 weeks is more severe than that in the systems under 2 weeks.
Several explanations for this phenomenon are that the moisture content in the bond line corresponding to
2 weeks is too low to result in any critical strength degradation of the interface, and that the size effect
and mode-mixity in the FRP-strengthened concrete structures can affect debonding behavior. In order to
verify these hypotheses, a numerical study was conducted using fracture mechanics approach and the
moisture-affected fracture properties obtained from the meso-scale fracture tests. The result of the
numerical study will be discussed in the next chapter.
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CHAPTER 6
Numerical Simulation of Debonding Failure
under Moisture Condition
The experimental results in Chapter 5 have shown that interface debonding can take place in the FRP-
strengthened RC beams exposed to moisture for 8 weeks. No interface debonding, however, was
observed in any of the dry beam specimens and the beam specimens exposed to moisture for only 2 weeks.
This is in contrast to the observation in the meso-scale fracture tests, in which interface debonding took
place in all moisture-conditioned specimens. Several possible explanations for this observation are
insufficient degradation of the concrete/epoxy under shorter period of moisture conditioning, size-effect
between the meso-scale fracture specimens and the structural-level beam specimens, and the inherent
mode-mixity in the beam specimens. To further study this phenomenon, a correlation study based on
fracture mechanics and finite element method using the results from the meso-scale fracture tests was
conducted. This chapter discusses this study.
6.1 Introduction
Many studies on the mechanical and failure behavior of FRP-strengthened RC beams have involved
the use of analytical formulae and finite element method to determine the interfacial stresses and the
ultimate load (Smith and Teng 2001; Teng et al. 2004; Leung and Yang 2006; Niu et al. 2006; Karbhari
and Niu 2008; Niu and Karbhari 2008; Rosenboom and Rizkalla 2008; Saxena et al. 2008). In the case of
finite element method, concrete and steel reinforcement can be modeled with 2-or 3-dimensional elements
and truss element, respectively. A more accurate model may be obtained by taking into account the
nonlinear behavior of the concrete. This can be accomplished by specifying a constitutive relationship, in
which stress-strain behavior is initially linear, followed by a nonlinear curve after material yielding. In
the general case of concrete under multi-axial loading, the ratios of the ultimate strength of the concrete
under biaxial and uniaxial loadings may be given to define the shape of failure surface under different
stress states. The effect of tension stiffening and shear retention in simulating the behavior of reinforced
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concrete after cracking has also been investigated (Nayal and Rasheed 2006). They are used to account
for the reduction in the tensile and shear moduli of concrete after tensile and shear crack initiation.
To improve computation and accuracy in finite element analysis, special-purpose elements have been
developed to explicitly simulate the cracking behavior in materials based on the concept of fracture
mechanics. One example is the use of cohesive element, based on cohesive zone model, to simulate the
fracture behavior of a bond joint under tension and shear loadings (i.e. displacement, stress, and crack
propagation along a predefined crack path). Various experimental results obtained from multi-layer
specimens, including fracture energy, cohesive strength, and crack opening displacement, may be used to
obtain the parameters for the cohesive element. This element can also be applied in the case of the
FRP/concrete bond joint in FRP-retrofitted concrete structures to simulate interface separation. Since
fracture mechanics has been implemented in many commercial finite element programs during the recent
years, prediction of debonding using such a concept is becoming more applicable for practical design of
FRP-strengthened RC beams. For this research, a methodology to analyze the failure behavior of FRP-
strengthened RC beams under the effect of moisture was developed, based on the cohesive zone model.
The results from the meso-scale fracture tests were used to calibrate the parameters for the cohesive
element, which was implemented in the finite element analysis of the FRP-strengthened RC beam
specimens.
6.2 Fracture Mechanics Approach to Debonding Problem - Cohesive Zone
Model
6.2.1 Development of Cohesive Zone Model
Cohesive zone model (CZM) was first introduced as a technique to study fracture or void nucleation
in quasi-brittle materials such as ceramic and concrete. It was developed upon the concept of cohesive
zones proposed by Dugdale (1960) and Barenblatt (1962). CZM collectively describes most of the
mechanisms related to fracture, such as plastic deformation, void growth, and crack coalescence, in the
process zone ahead of the crack tip (Figure 6-1). With the advancement of finite element method, CZM
has become popular in studying fracture process because of its easy implementation in a finite element
code. In this case, a layer of cohesive elements is located along a potential crack path, usually as an
extension from an existing crack tip. CZM has also been used to successfully study ductile fracture
process in other materials such as polymers and metals (Rahulkumar et al. 2000; Siegmund and Brocks
2000a).
There are two important parameters for CZM - cohesive strength and fracture energy. Li et al. (2005)
defined a fracture length-scale to be equal to EF7max2 , where E is the Young's modulus of the material or
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the interface region, F is the fracture toughness, and Cymax is the strength of material modeled by the
cohesive elements. This length scale is directly related to the size of fully developed fracture process
zone and implies the brittleness of the material. Their study suggests that this length scale can determine
how the strength of the material and the fracture energy play a role in fracture behavior. If this length
scale is very small compared to other geometries of fracture specimens or cracked structural components,
such as the initial crack length, fracture energy will control the fracture behavior. On the other hand, if
this value is comparatively large, the fracture behavior will be controlled by the strength of the material.
In addition, the cohesive zone length in a homogenous material can be calculated by (Romeo and
Ballarini 1997; Wappling et al. 1998):
, = m 2 ; (6-1)
Umax
If this cohesive zone length is very small compared to any characteristic dimension, the use of CZM for
the particular problem is deemed unnecessary and inconvenient (Chen and Mai 2010). The application of
CZM to bi-material systems, such as adhesive bond joint, functionally graded multi-layer materials, and
delamination in composites under mechanical and thermal loadings has proven successful (Espinosa et al.
2000; Jin and Sun 2005; Yang and Cox 2005; Li et al. 2006; Chen and Mai 2010).
Void growth & coalescence
Fracture surface -
Fracture process zone
Figure 6-1: Fracture process zone ahead of a crack tip
6.2.2 Constitutive Description of CZM - Traction Separation Law
In crack propagation, the constitutive material model must be able to capture the damage process at
the crack tip due to void nucleation, growth, and coalescence (Siegmund and Brocks 2000b). These
processes can be collectively described by a phenomenological model called a traction-separation law, in
which the relationship between tractions and material separations is specified. When normal or shear
stresses (or crack opening displacements) reach the critical values (t,0 for maximum normal stress or t,0
for maximum shear stress), damage is initiated in the material modeled with cohesive elements. Damage
causes the material to lose its load-bearing capacity in tension and shear, which results in decreasing
stress or softening behavior when loaded monotonically. The manner in which stress decreases during
this stage is governed by a given traction-separation law. Widely used softening behaviors are a simple
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linear relationship (Figure 6-2) and an exponential curve, while more complex softening curves may be
required for certain types of problems (see Table 6-1). The traction-separation law can be calibrated with
results from micromechanical modeling (Yamakov et al. 2006; Brinckmann and Siegmund 2008;
Dandekar and Shin 2011; Krull and Yuan 2011) or experimental results from fracture specimens of
various configurations (Karbhari et al. 1997; Elices et al. 2002; Qiao and Xu 2004; Au and Buyukozturk
2006a; Frigione et al. 2006; Ouyang and Guoqiang 2009). Complete damage in a cohesive element
located near a fictitious crack tip (i.e. where traction becomes zero) means that fracture has already
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Figure 6-2: Linear traction-separation law with linear damage evolution
Table 6-1: Notable traction-separation laws in literature
Authors Proposed Model Parameters Application &
Comment
Barenblatt Fracture in perfectly
(1959; 1962) brittle materials
Umax
0y
Dugdale t Gy yield strength Yielding of thin ideal




Table 6-1: Notable traction-separation laws in literature (continued)
Authors Proposed Model Parameters Application &
Comment
Needleman tsep = work of separation Normal separation in




Exponential fit for tn Linear fit for t.
Needleman e, = work of separation Normal separation in
(1990b) --------- 6 fn, 6 ,= critical particle-matrix decohesion
displacement
6S amax = cohesive strength
Polynomial fit for tn Linear fit for t,
Needleman t t 0, 0,= work of normal Interface separation under
(1 990a) -------- and shear separation hydrostatic tension
\ max 6 n, 6,= critical
5,/6f, displacement
V/5' amax = cohesive strength
Exponential fit for t, Trigonometric fit for t,
Tvergaard 6tn, 6 T critical Fiber debonding in a
(1990) Umax - -max - displacement whisker- reinforced metal
amax = cohesive strength
6,/16t n5,/5f a
Tvergaard & t(6) Fo = work of separation Peeling of adhesive bond
Hutchinson -= critical displacement joints and crack growth in
Umax
(1992) 61, 62 = factors governing elasto-plastic materials
F0O shape
6 0 max = peak normal
0 61 62 5 traction or interface
strength
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Table 6-1: Notable traction-separation laws in literature (continued)
Authors Proposed Model Parameters Application &
Comment
Xu & On, 0s = work of normal Shear and normal
Needleman and shear separation separation in particle-
(1993) f n, 5 = critical matrix decohesion
displacement
fl S 
s ma x = cohesive strength
Exponential fit for t, and t,
6.3 Implementation of CZM in Finite Element Analysis
6.3.1 Traction-Separation Law for the Interface
It has been suggested that it is important to explicitly model the interface using the cohesive elements
when investigating the effect of CZM parameters (Kishimoto et al. 2002). In this case, a layer consisted
of cohesive elements is inserted between the two substrates as shown in Figure 6-3. For linear elastic
traction-separation law, the relationship between a nominal traction stress vector t, which consists of two
components, t, and t, (three components in the case of a three-dimensional model), and the corresponding
strains E, and E, across the interface can be given by:
t = (tn Knn Kn, En =Ke (6-2)
t,) Kn, Kss,)( e)
where K is the elasticity matrix. The tractions are defined as the force components divided by the
original surface area at each integration point. The off-diagonal terms may be zeros, if the behavior of
normal and shear is not coupled. The strains can be given as the normal and shear separations of the
interface (6n and 6s) divided by the layer thickness, To. When the constitutive thickness, To, is set to be 1,
the nominal strain is simply equal to the corresponding separations. The general formulation of cohesive
element is described in the Appendix B.
Under a monotonic loading, the tractions increase linearly with respect to the separations for the
traction-separation law shown in 6-2. Several damage criteria are available. One of the simplest forms is
the quadratic damage criterion, under which damage is deemed to initiate in the interface when the
following expression holds:




where to, and to, are the interface strengths at the peak load in the traction separation law. Equation (6-4)
also takes into consideration the inherent mode-mixity of the interface strength.
Cohesive elements
Interface
Normal component Shear component
Figure 6-3: Relative displacement at the interface
Once damage initiates in the interface, the elastic modulus of the interface layer decreases according
to a prescribed linear or non-linear behavior. This behavior is the so-called damage evolution, which is
usually defined as:
tn (1 - D)tn , n > 0
tn ,  <0 (under compression) (6-4)
ts =(- D)s
where tn and ts are the traction components predicted by the elastic portion of a traction-separation law
for the current strain without damage. The scalar variable D represents the damage in the interface due to
the combination of all relevant mechanisms. Therefore, for an undamaged cohesive element, D = 0, and
the value will monotonically evolve from 0 to 1, as further loading is applied after the damage initiation.
The evolution of D can be specified such that the area under the traction-separation relationship is equal
to the fracture energy of the interface (i.e. G1, and G1 , for normal and shear fracture.)
6.3.2 Mixed-Mode Fracture Criterion
The damage evolution in the traction-separation law describes how the stiffness of the interface
decreases according to the energy dissipated during the creation of the fracture surface between the two
substrates. In general, mode-mixity is present in fracture along an interface of two dissimilar materials
due to elastic mismatch. Therefore, the damage evolution has to be capable of describing the effect of





There are four parameters in this criterion to be determined from experiments. The powers p and v are
usually assumed to be either 1 or 2 (Kishimoto et al. 2002). The values of critical energy release rates,
GI, and G1e, can be obtained from mode I and mode II fracture test. Nonetheless, it is difficult to
experimentally obtain G1c and GIe values because pure mode I and mode II loading conditions rarely
occur in interface fracture. In this study, the interface fracture toughness from peel and shear fracture test
were used to approximate mode I and mode II energy release rates.
6.4 Traction-Separation Law and Parameters for CZM from Peel and
Shear Fracture Tests
6.4.1 Behavior of the Peel and Shear Fracture Specimens - Preliminary Study
Concrete, epoxy, and CFRP were modeled using 4-node quadrilateral plane-strain elements with
plane-strain thicknesses of 75 mm for concrete, and 25 mm for the epoxy layer and the CFRP plate. The
elements representing the CFRP plate were connected to those representing the epoxy layer by tie
constraint, allowing dissimilar mesh of the two regions to move together at less computational expense.
Under the tie constraint each node on the slave surface (i.e. the epoxy elements), which usually has higher
mesh density, has the same displacement degrees of freedom as the point on the master surface (i.e. the
CFRP elements), to which it is closest. The interface between the concrete and the epoxy layer was
modeled by a single layer of 4-node cohesive elements. Using uniform meshing throughout the entire
length of the bond line, these elements were arranged such that the interface layer was terminated at the
plate-end and the initial interface crack tip (i.e. 117.5 mm and 162.5 mm long in peel and shear fracture
specimens, respectively). See Appendix A for the sample input files of the fracture specimens.
(b) Shear fracture specimen
Figure 6-4: FE models of peel and shear fracture specimens
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To simulate the boundary condition provided by the loading fixture during the experimentation,
displacement boundary conditions were applied at the bottom and the right edges of the concrete block.
For the peel fracture specimen, zero displacements in the x- and y-directions were prescribed at the
bottom edge of the concrete block. For the shear fracture specimen, the bottom was allowed to move only
in the x-direction, while the right edge was fixed in both directions. In addition, vertical and horizontal
displacements were applied at the end of the CFRP plate of peel and shear fracture specimens,
respectively. Figure 6-4 shows the finite element models of the fracture specimens and a magnification of
the interface region. High mesh density is used near the interface to capture the fracture process zone.
The effect of the size of the cohesive elements in this interface layer will be discussed later in a
parametric study. Note that either beam elements or 4-node plane strain elements can be used for the
CFRP plate in these models. However, when 4-node elements are used, finer mesh will be required to
accurately capture bending behavior of the CFRP plate in peel fracture specimen. If the mesh is not fine
enough, the bending rigidity of the CFRP plate will be overestimated under lateral load.
Calibrating FE Models of Peel and Shear Fracture Specimens
As a preliminary study, the FE models of the peel and shear fracture specimens with linear elastic
material properties for concrete, epoxy, and CFRP were tested to compare the initial elastic behavior with
the experimental results. In this case, the models contained no interface region that was to be modeled by
the cohesive elements. The 4-node plane-strain elements were used throughout for the three constituent
materials. The material properties in controlled condition (dry) were used (i.e. E, = 35 GPa, E, = 1.5 GPa,
and ECFRP = 165 GPa). By comparing the load-displacement curve, it was found that the slope of the
elastic portion in the load-displacement curve of the shear fracture specimens from the FE simulation was
significantly larger than the one from the experiment (Figure 6-5). This discrepancy can be attributed to a
very small deformation of the screws holding the reaction plate to the steel case (see Figure 3-2b) and the
internal sliding between the crosshead grip and the CFRP plate before the ultimate failure. To account for
this additional flexibility, a spring component (ks) was added to the end of the CFRP plate in the model of
the shear fracture specimen (Figure 6-6). It is worth noting that the raw experimental data from the shear
fracture test generally showed two slopes in the load-displacement curve. The initial slope was much
lower than the real slope that represented the real stiffness of the system. This slope was due to the initial
settling of the specimens against the reaction plate, and was excluded from the final load-displacement
curve (e.g. Figure 4-10b) by interpolation and shifting the origin.
To obtain the appropriate value of the stiffness k, the load vs shear slip and load vs crosshead
displacement relationships of shear fracture specimen were considered. Without the spring component ks,
the theoretical value of the stiffness of the CFRP plate according to Figure 6-7a is:
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kCFRP = P (6-6)
\ x-head ~ slip)
where usti, and Ux-head are the shear slip and crosshead displacement, respectively. Since moisture does not
affect the stiffness of CFRP in longitudinal direction, the stiffness obtained from Equation 6-6 should be
in the range of 60.34 MiN/m (i.e. = ECFRPACFRPLcaniIever). However, this is not true according to the
experiment. Therefore, kCFRP in the above equation must be an equivalent stiffness resulting from a
combination of kcFRp and the extra stiffness, ks. Assuming the stiffness of this cantilever portion comes
from two components, i.e. the CFRP plate and k,, acting in series (Figure 6-7b), the value of the
equivalent stiffness can then be calculated as:
keq = kCFRP s (6-7)
Ux-head U slip kcFR +k
Solving Eq. 6-8 for all shear fracture specimens with kCFRP = 60.34 MN/m gave ks in the range of 9-11
MN/m. These values of k, were used as the stiffness of the extra spring component in elastic FE analysis
of the shear specimen. Figure 6-5 also shows the displacement of the CFRP tip when the value of ks was
varied. Generally a good agreement with the experimental result was obtained when k, = 10 MN/m,
which was used throughout the calibration process of the traction-separation law for the cohesive element
using peel and shear fracture specimen.
Load vs Displacement of Shear Specimen
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Figure 6-5: Comparison of the load vs crosshead displacement relationship in the elastic regime
from the FE model of shear fracture specimen with and without ks
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Figure 6-7: Idealization of the cantilever portion of the CFRP plate under load P
(a) without ks (b) with k,
6.4.2 FE Models of Peel and Shear Fracture Specimens with Cohesive Elements
Figure 4-10 indicates that the load-displacement relationship behavior of the shear fracture specimen
is largely nonlinear close to the ultimate failure. This result signifies that the material limits have been
reached, resulting in plastic deformation. Examining the stress level in the concrete, epoxy, and CFRP in
the vicinity of the initial crack tip using the elastic FE model at the critical load level confirmed this
observation. Some of these plastic mechanisms are microcracking of concrete, crazing and shear banding
of the epoxy, and local plasticity due to mechanical interlocks at the asperities of the bond. The potential
energy provided by the external load is therefore dissipated through the creation of fracture surface at the
interface and the plastic deformation in the constituents. Therefore, it is recommended that the non-linear









Figure 6-8: Plasticity at crack tip and its relationship to cohesive zone
Superimposing material stress state in the vicinity of the crack tip to the traction-separation law, the
relationship between the physical crack tip and the CZM crack tip can be identified (Figure 6-8).
According to the cohesive zone model, since all the energy dissipation related to crack growth takes place
within the cohesive zone, the fracture process zone can be assumed to be the region in which the tractions
are non-zero. Therefore, the physical crack tip corresponds to the tip of traction-free surface, while the
CZM crack tip corresponds to the maximum traction of CZM (to, and t,).
Solutions with higher interface stiffness tend to have a difficulty to converge. Therefore, an average
value between epoxy and concrete stiffness was chosen to represent the stiffness of the interface. In
reality, the interface region is a result of interdiffusion between the two substrates, where complex
chemical interactions exist to create adhesive force. The interface stiffness, therefore, may be determined
more accurately using a more fundamental approach, such as atomistic simulation. However, this is not
within the scope of this study.
Peel Fracture Specimen
A typical load vs displacement behavior of the peel fracture specimen model is shown in Figure 6-9a.
The model behaved linear elastically up to the point where normal traction (t) in the interface exceeded
the interface strength (to). This relationship is comparable to the one obtained from the experiment on
peel fracture, with an exception that the softening part is smoother for smaller cohesive elements being
used in FEA. Figure 6-9b shows normal traction in the vicinity of the interface crack at various stages of
loading (each number in the legend signifies a fraction of the maximum load). The normal traction in the
interface was generally positive close to the physical crack tip. The region in which the normal tractions
are positive represented the fracture process zone (FPZ), which was immediately followed by a region of
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negative tractions. When the load was smaller than the ultimate load, the size of the FPZ increased as the
load level increased. Load continued to increase linearly until the FPZ fully developed, and then started
to drop as the normal traction became zero near the initial crack tip (at the step 2 in Figure 6-9a). The
change from positive tractions to zero traction signified the separation of the concrete/epoxy interface.
For the same interface strength (t00), higher values of fracture energy (GIe) result in larger fully-developed
FPZ in the FE model. As the interface separation continued to propagate, the FPZ moved away from the
initial interface crack, and the load decreased because the moment arm became longer. A complete
separation of the interface took place suddenly when the remaining intact interface was too small
compared to the size of FPZ (at the step 3 in Figure 6-9s).
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Figure 6-9: Load vs displacement behavior (a) and traction distribution (b)
in peel fracture specimen modeled by CZM
Shear Fracture Specimen
A typical load vs displacement behavior of a shear fracture specimen model is shown in Figure 6-1 Oa.
The model behaved linearly up to the point where shear traction (ts) in the interface exceeded the interface
strength (ts). In this case, the non-linear portion occurred closer to the maximum load than in the case of
the peel fracture specimen. Figure 6-10b shows shear traction in the interface layer at various stages of
loading in the shear fracture model. Unlike the peel fracture specimen, the size of FPZ covered a much
longer distance from the moving crack tip. A complete separation of the interface took place suddenly
after the maximum load was reached.
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Shear traction distribution along the interface
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Figure 6-10: Load vs displacement behavior (a) and traction distribution (b)
in shear fracture specimen modeled by CZM
6.4.3 Effect of Mode-Mixity in the Cohesive Law
Mode-mixity in fracture mechanics can be defined as a ratio between the opening and shearing loads
on a cracked body, or in terms of the stress intensity factors:
# = tan (K, / K,) (6-8)
Mode-mixity is crucial in the analysis of FRP-strengthened beams because, at critical crack locations, a
combination of opening and shearing mode can exist and many experimental studies have shown the
dependency of fracture behavior on mode-mixity (Tvergaard 2001; Li et al. 2006; Parmigiani and
Thouless 2006). CZM takes into account the effect of mode-mixity on crack initiation and propagation
by specifying two relationships-1) between normal and shear strength before crack initiation, and 2)
between mode I and mode II fracture energy during crack propagation. The effect of mode-mixity was
investigated by using a modified FE model for a tri-layer fracture specimen. This model configuration is
similar to the FE model of the peel fracture specimen, except that the length of the CFRP arm was set to
zero in this case to amplify the effect of loading angle. The model was tilted at angles ranging from 0' to
90', while displacement rate was prescribed at the tip of the CFRP only in the y-direction (Figure 6-11).
The parameters for the cohesive elements remained the same as those obtained from the controlled peel
and shear fracture specimens. Figures 6-12 and 6-13 show the load-displacement relationship for various
tilt angles and the effect of mode-mixity on the maximum load, respectively. In case of interface fracture
in a bi-material system with one substrate being elastic-plastic (e.g. concrete/epoxy interface), the
interfacial fracture toughness will depend significantly on the mode-mixity due to the degree of plastic
deformation in the substrate (Tvergaard and Hutchinson 1993; Wei and Hutchinson 1998; Tvergaard
2001). As a result, the interfacial fracture toughness obtained for the shear specimens are generally larger




Figure 6-11: Fracture model at different tilt angles
Load vs displacement under mixed-
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Figure 6-12: Effect of mixed-mode loading on load-displacement behavior
of a tri-layer fracture specimen
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Figure 6-13: (a) Effect of mixed-mode loading on maximum load and (b)
corresponding mode-mixity
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The mode-mixity defined in Eq. (6-8) changes with respect to the tilt angle as shown in Figure 6-13b.
The stress intensity factors were calculated according to the numerical method discussed in Chapter 4.
For this loading configuration, significant increase in mode-mixity was obtained when the tilt angle was
in the range of 80' and 90'. The load-displacement relationship is in general linear up to the initiation of
bond damage, which is followed by a nonlinear behavior. The plateau in the load-displacement
relationship corresponds to extensive separation of the interface between concrete and epoxy, signifying
the bond strength of the tri-layer system. As the tilt angle increases, the bond strength increases (Figure
6-13a). On the other hand, failure occurred under lower displacement as the tilt angle increases,
indicating that the ductility of the system decreases. This dependency on mode-mixity can be attributed
to plastic formation in the epoxy. It has been reported that in case of interface fracture in a bi-material
system with one substrate being elastic-plastic (e.g. concrete/epoxy interface), the interfacial fracture
toughness will depend significantly on the mode-mixity due to the degree of plastic deformation in the
substrate (Tvergaard and Hutchinson 1993; Wei and Hutchinson 1998; Tvergaard 2001). As a result, the
interfacial fracture toughness obtained for the shear specimens are generally larger than that obtained for
the peel specimens.
6.4.4 Moisture-Affected Cohesive Element Parameters from Peel and Shear Fracture Tests
The linear traction-separation law (Figure 6-2) for the cohesive elements in this study requires two
parameters, namely the cohesive strength (t0 , and tOs) and the fracture energy (Gr, and Gr1e) of the interface.
These parameters can be obtained from the peel and shear fracture tests. In order to obtain the values of
ton and to, for the traction-separation law, a parametric study was conducted with t?, and tOs as the
unknown variables. For each conditioning period, the values of cohesive strength were varied, while the
corresponding values of G1, and G1, from the experiment were used. For this calibrating purpose, failure
of the cohesive element was assumed to be mode-independent for both peel and shear fracture specimens,
even though this is not entirely true because both modes I and II are always intrinsically present in
interface fracture (He and Hutchinson 1989b). The appropriate values of to, for mode I and t s for mode II
were determined when the maximum loads obtained from the simulation of the peel and shear specimens
(Figure 6-4) were equal to those obtained in the experiment. These parameters are summarized in Table
6-2.
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Table 6-2: Summary of moisture-affected CZM parameters
for the peel and shear fracture at room temperature
Temperature Duration Moisture Mode I Mode II
(weeks) content En t0n Gic Es toS Gre
(wt%) (MPa) (MPa) (N/m) (MPa) (MPa) (N/m)
0 0 18320 6.1 0.906 7609.29 13.92 1.326
2 0.41 17775 4.3 0.321 7385.90 12.75 0.660
4 0.77 17405 2.7 0.227 7231.73 12.15 0.686
23 *C
6 1.01 17165 3.5 0.243 7131.73 11.76 0.749
8 1.29 16895 3.4 0.250 7019.23 11.29 0.726
6.5 Finite Element Analysis of FRP-Strengthened RC Beam using Cohesive
Zone Model
Debonding in FRP-strengthened RC beam can be described by the cohesive zone model using
cohesive elements. The parameters for the traction-separation law were obtained by calibrating the
behavior of peel and shear fracture against the experimental results. Two other components in finite
element analysis of FRP-strengthened RC beam are the constitutive models for the constituent materials
and the solution method. In general, the constitutive models have to be able to describe non-linear
behaviors of concrete and epoxy observed in laboratory, while the solution method has to be efficient and
capable of finding equilibrium state during non-linear response of the system.
6.5.1 Constitutive Models for Concrete, Epoxy, CFRP, and Steel Reinforcement
A. Epoxy, Steel Reinforcement, and CFRP
An elastic-plastic behavior was assumed for epoxy and steel reinforcement (Figure 6-14). Their
plastic behaviors after yielding were described by the yield stress and the plastic strains. The Young's
modulus, yield stress, plastic strain of epoxy as affected by various moisture contents were determined
from the tensile test discussed in Chapter 4. The elastic behavior of steel was described by Young's
modulus (Es) of 210 GPa and a Poisson's ratio (v) of 0.3. Yielding of steel was governed by von Mises
yield criterion with yield stress of 486 MPa. Isotropic hardening was assumed for the plastic behavior
with an ultimate strain of 20 times the yield strain and strain hardening modulus of 2100 MPa. The same
yield criterion was applied to the epoxy, with strain hardening modulus of 1% of the initial Young's
modulus. Rate-dependent effects were neglected in modeling the epoxy because low strain rates were
expected for the applications in consideration. Table 6-3 summarizes Young's modulus and yield
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strength of the epoxy corresponding to different interface moisture contents found in peel and shear
fracture specimens. On the other hand, CFRP is assumed to be linear elastic, followed by abrupt rupture
when the ultimate strength (f,) is reached. The Young's modulus and tensile strength of CFRP reported
by the manufacturer are 165 GPa and 2700 MPa, respectively.
------------------------- 
----------------
epoxy Steel reinforcement CFRP
Figure 6-14: Constitutive model of epoxy, steel reinforcement, and CFRP
Table 6-3: Moisture-affected mechanical properties of epoxy for FEA
Duration Room Temperature 50 'C
(weeks) Mt % E (GPa) fy (MPa) Mt % E (GPa) fy (MPa)
0 0 1.5 22.23 0 n/a n/a
2 0.41 1.27 21.18 0.87 1.23 22.70
4 0.77 1.27 20.25 1.63 1.16 21.98
6 1.01 1.27 19.64 2.14 1.11 21.50
8 1.29 1.27 18.92 2.71 1.06 20.97
B. Damage Plasticity Modelfor Concrete
Under a fairly low confining pressure, concrete behaves in a brittle manner and fails by 
cracking in
tension and crushing in compression. In this case, a damage plasticity model is applicable to capture
irreversible damage associated with these failure modes (ABAQUS 2006). This model describes the
behavior of concrete or other quasi-brittle materials in both compression and tension regimes as shown in
Figure 6-15. In both regimes, a linear elastic behavior is assumed before the yielding 
of concrete. In case
of concrete under compression, the stress varies nonlinearly after the yield strength is reached with a
plateau at the ultimate concrete strength. According to this model, the stiffness 
of concrete elements
decreases to zero when the crack is determined to have occurred at the integration points. The effect of
biaxial loading (i.e. biaxial failure of concrete) is taken into account by specifying the failure 
ratios.
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The damage plasticity model utilizes a yield condition based on the yield function proposed in
(Lubliner et al. 1989; Lee and Fenves 1998) to describe the evolution of strength under tension and
compression. This yield function takes the form:
F(6, sP') = I I (q - 3a p '(max ) -( ~max )- e (Z') 0 (6-9)
1 - a
where 1 the effective hydrostatic pressure = -
3
q von Mises equivalent effective stress = 3S:5;
2
S = the deviatoric stress tensor = PI- + -;
Umax = the algebraically maximum eigenvalue of 6.
= the effective stress tensor.
The coefficients y and a are dimensionless material constants, and u, and de are the effective tensile and
compressive cohesive stresses, respectively. The coefficient a determines the relative magnitude of the
initial equibiaxial and uniaxial compressive yield stress, and its value is between 0.08 and 0.12 for a
typical concrete (Lubliner et al. 1989). If amax is equal to zero, i.e. concrete under biaxial compression,
Equation (6-9) is reduced to the Drucker-Prager criterion, with only parameter being a. The coefficient y
appears only in tri-axial compression, i.e. in the stress states with amax= 0. The function #(WP') is
given as:
& (F'l)
p( U1)= _ , (1 - a) - (1+ a) (6-10)
When subjected to severe inelastic states, a granular material such as concrete can exhibit a significant
volumetric change as a result of large plastic distortion. To account for this plastic behavior, the concrete
model assumes a non-associated potential flow in the effective stress space of the form:
-/ aG(a;)i'' = A(6-11)
where A is the non-negative plastic multiplier. The flow potential G in Equation (6-11) is the Drucker-
Prager hyperbolic function:
G = (50-, 0 tan y)2 + q 2 - p tan V/ (6-12)
where 0o is the uniaxial tensile stress at failure. A dilation angle (V) of 38' was specified for the
cohesive failure of concrete. A flow potential eccentricity () equal to 0.1 was used to here define the rate
at which the hyperbolic flow potential approached its asymptote.
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Shear Retention and Tension Stiffening Behavior
Reinforcement in concrete structures is typically provided by means of one-dimensional rods or
rebars that can be defined singly or embedded in oriented surfaces. The interaction between the concrete
and the reinforcement, such as bond slip and dowel action, in the tension zone was governed by tension
stiffening model. In the general case of concrete under multi-axial loading, the ratios of the ultimate
strength in biaxial and uniaxial loadings were given to define the shape of failure surface under different
stress states. Tension stiffening and shear retention models were implemented to simulate the behavior of
reinforced concrete after cracking. They were used to account for the reduction in the tensile and shear
moduli of the concrete after tensile and shear crack initiation. In these models, the stress in concrete
decreases linearly or non-linearly as the crack opening increased to simulate load transfer across cracks
through the reinforcement. For this study, a linear softening behavior was used, and the area under this
softening curve was controlled by the mode I fracture energy of concrete (Figure 6-15). Since no data on
the post-cracking shear behavior of the concrete was available, shear retention behavior was assumed to
be similar to the tension stiffening behavior.
Peak compressive




stiffening Crack failure t Ut0 t
Concrete stress-strain behavior Tension stiffeninq
Figure 6-15: Concrete damage plasticity model
The tension stiffening behavior consists of two slopes, governing the behavior between initial
cracking and final cracking. The maximum tensile strength (o") can be determined from a tensile test,
such as splitting test and small beam bending test, or estimated from the concrete compressive strength
(f',). More rapid reduction of the stress after initial cracking usually results in less stiff response, while
larger final cracking strain gives better convergence in solutions (i.e. higher fracture energy of concrete,
Gie.) The stress in concrete reduces to zero when the cracking strain or the crack opening displacement is
reached at the element integration point. Since the behavior of cracked concrete depends on the size of
cracks, the convergence of solution and simulation result may depend on mesh density. Figure 6-16
shows crack patterns in a RC beam under flexure without CFRP reinforcement using various element
sizes. Most of the flexural cracks were present in the vicinity of the midspan at the early stage of loading.
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Additional cracks were formed as the load approached the load capacity of the beam. The relative
magnitude of plastic strains at integration points in concrete elements are plotted as a contour, which
corresponds to the extent of crack opening once the principal stress exceeds q, of the plain concrete.
Figure 6-17 shows comparison of load vs midspan deflection of the beam modeled by different element
sizes. As a reference, load vs midspan deflection of a non-FRP-strengthened RC beam specimen in
Chapter 5 is also provided. It is suggested that there is no significant difference in the deflection
behaviors across all four sizes of finite element.
10x1O mm elements 7.5x7.5 mm elements
5x5 mm elements 2.5x2.5 mm elements
Figure 6-16: Crack patterns in a RC beam FE model using 1Ox10 mm, 7.5x7.5 mm,
5x5 mm, and 2.5x2.5 mm elements
Load vs midspan deflection
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Figure 6-17: Load vs midspan displacement of RC beam FE model using 1Ox10 mm,
7.5x7.5 mm, 5x5 mm, and 2.5x2.5 mm elements
6.5.2 Solution Method
An initial model was created and analyzed assuming linear material behavior to identify inelastic regions.
In order to improve the convergence rate in the nonlinear analysis, a quasi-Newton technique called
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BFGS method (Broyden-Fletcher-Goldfarb-Shanno) was used with automatic time-stepping (Butcher
2008). In some cases when the BFGS method was not sufficient, the visco-plastic regularization scheme
was implemented to eliminate kinetic energy of elements that moved too fast due to the softening
behavior of cracked concrete and damaged interface to avoid instability. Special attention is required
when such scheme is used because if the energy is allowed to dissipate too fast, the beam model will
quickly diverge from its equilibrium solution, leading to imbalanced external and internal forces. One
way to implement this energy dissipation scheme is to incorporate a fictitious viscosity parameter (u) into
the constitutive model of concrete and the cohesive law for the cohesive elements. This viscosity
parameter is applied to the rate of crack opening (or strain rate), allowing the stress to be larger than the
yield strength of the materials for a short period of time after material damage takes place. Their values
range between lx104 and lx105 in this study, depending on the severity of the softening behaviors of the
concrete and the cohesive elements. It is worth noting that this process does not describe any real
dissipative mechanism in the material or the interface. Hence, it does not affect the overall fracture
behavior of the concrete/epoxy interface.
6.5.3 Debonding Behavior in FRP Strengthened RC Beams - A Parametric Study
With finite element method, the cohesive zone model (CZM) can be used to study the failure behavior
of the FRP-strengthened RC beam. In what follows, a parametric study on various model parameters,
including the CFRP length, the interface strength, and the location of pre-notch will be discussed. The
mechanical properties in this part of the study were obtained from the material characterization of the dry
material samples. The only exception was the fracture energy of the concrete, which was assumed to be
124 N/m. This value is the highest value reported in the literature (Meyer et al. 1994). Since the focus of
this study is on the failure by interface debonding, such a high value of fracture energy of concrete was
chosen to improve the convergence of the solution and to avoid any premature failure by extensive
concrete cracking, such as shear failure and concrete cover delamination, to take place in the early stage
of loading.
The implementation of the stress-displacement concept in a finite element model requires the
definition of a characteristic length associated with a material integration point. In the case of planar
elements, the characteristic length can be defined as the square root of the element area. This definition
of the characteristic crack length was used because the direction in which cracks will occur is initially
unknown. As a result, elements with large aspect ratios will have different behaviors depending on the
direction in which they crack. Some mesh sensitivity remains because of this effect. Therefore, elements
for concrete as close to a square as possible were used. In the remaining study, 5x5 mm 2 square plane-
strain elements were used to model concrete. On the other hand, the length of the cohesive elements for
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the concrete/epoxy interface were 2.5 mm as in the peel and shear fracture specimens. Similarly the same
size of rectangular plane-strain elements was used for the CFRP and the epoxy layer, namely 1.28x2.5
mm2 for CFRP and 1 x2.5 mm 2 for the epoxy. The different mesh density between adjacent materials was
achieved by tie constraints.
By assuming a perfect bond between steel reinforcement and concrete, the truss elements were
embedded at the edges of concrete elements, meaning that the nodal displacements of the two elements
were the same at the point of contact. Only half of the specimen was modeled to reduce computational
expense by applying displacement constraint at the mid span in the x-direction, allowing the nodes to
move only in the y-direction. To simulate a beam specimen under 4-point bending, displacement rate was
applied at a distance of 180 mm from the midspan. Reaction force at the support and the midspan
displacement in the y-direction were recorded, together with other nodal variables. Figure 6-19 shows the
load and boundary conditions applied to the sample FE models. The beam dimensions and the
arrangement of steel reinforcement are similar to the beam specimens discussed in Chapter 5.
P





Figure 6-18: Load and boundary conditions in the sample FE models
A. Effect of Length of CFRP Plate
The length of the CFRP plate was varied from 680 mm to 1000 mm as shown in Figure 6-19. Figures
6-20 and 6-21 show the typical failure modes that took place in the FE models with varying CFRP length.
The color code represents the magnitude of in-plane principal plastic strain at the integration points,
indicating the width of the crack opening in the concrete elements. When the CFRP plate terminated at
different locations along the beam soffit, the stress states at the plate-end were expected to be different.
For example, in the case of 4-point bending loading configuration, higher interfacial shear stress occurred
when the plate-end was closer to the support. When the concrete/epoxy interface was weak (e.g. either
normal or shear strength of the cohesive elements lower than 5 MPa), the beams failed by concrete/epoxy
interface separation near the plate-end, followed by extensive cracking of the concrete cover into the one-
140
third point of the span. The RC beams strengthened with longer CFRP plate generally had higher flexural
capacity than those with shorter CFRP plate as shown by the relationship between the load and mid-span
deflection in Figure 6-22.
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CFRP Length = 1000 mm
Figure 6-19: Model of FRP-strengthened RC beam with CFRP plates of varying lengths
a. Concrete cover delamination
b. Concrete/epoxy interface separation
Figure 6-20: Failure modes in FRP-strengthened RC beam with initial interfacial
crack at the plate-end and long CFRP plate
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a. Concrete crack due to flexural loading
b. Concrete cover delamination
Figure 6-21: Failure modes in FRP-strengthened RC beam with initial interfacial
crack at the plate-end and short CFRP plate
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Figure 6-22: Load-displacement relationship of FRP-strengthened RC beam
with CFRP plates of varying lengths
Failure in the RC beams with short CFRP plate involved crack initiation in the concrete near the
plate-end. The crack then propagated deep into beam soffit and continued along the tensile reinforcement
until yielding of the steel reinforcement took place as shown in Figure 6-21. This led to the decrease in
the maximum tensile stress in the CFRP plate. When the CFRP plate was too short (i.e. shorter than 760
mm), concrete cracking at the plate-end occurred at a very low load level due to the combination of high
tensile stress due to flexural loading and shear stress due to the tension in the CFRP plate (Figure 6-21).
As a result, the flexural capacity of such a beam was not significantly higher than that of a non-
strengthened RC beam, rendering the strengthening system ineffective. Table 6-4 summarizes the
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maximum load and failure behavior with respect to the CFRP length. The simulation result suggests that
in order to utilize the strength of CFRP material in retrofitting an RC beam, sufficient bond length should
be provided, ensuring proper stress transfer between the beam soffit and the CFRP plate. Similar failure
behavior has been shown experimentally in the work by Gunes (2004), in which the use of shorter FRP
plate results in lower flexural capacity and premature failure mode.
Table 6-4: Failure behavior of FRP-strengthened RC beam with various CFRP bond lengths
CFRP Length Maximum Load at Steel Maximum Stress Failure Behavior
(mm) Load (kN) Yielding (kN) in CFRP (MPa)
1000 122 105 1238 Steel rein. yielding
920 116 103 920 Steel rein. yielding
840 106 106 609 Conc. cover delam.
760 97 96 511 Conc. cover delam.
680 91 91 450 Conc. cover delam.
B. Strength and Fracture Energy of Cohesive Elements
A parametric study was also conducted to investigate the effects of the interface properties on
debonding behavior. When the strength of the concrete/epoxy interface was too low, debonding of the
interface took place at much lower load level. As a result, the flexural capacity of such a beam was not
significantly higher than that of a non-strengthened RC beam, rendering the strengthening system
ineffective. Figure 6-23 shows the load vs midspan deflection behavior of the FRP-strengthened RC
beam model with initial crack location at the plate-end, where t1s was the interface strength in shear
direction and G1e was the mode II fracture energy. The interface properties were varied from 1 to 8 MPa
for the interface strength, and 0.8 to 1.2 for the interface fracture toughness. Different values of
concrete/epoxy interface properties affected debonding behavior as shown by different maximum load
and corresponding deflection. For the low values of bond strength (e.g. smaller than 3 MPa), the beam
behaved as if there was no external FRP reinforcement. It failed by concrete/epoxy interface separation
prematurely at an early stage of loading, rendering external FRP reinforcement inefficient. However, for
higher values of bond strength, interface separation occurred near the peak load in load vs midspan
deflection curve, followed by a sudden drop in load, which signified further yielding of the steel
reinforcement (Figure 23). If the concrete strength was smaller than the interface strength, concrete
separation along the interface may occur instead of clean interface separation. The effect of varying the
bond properties in an FRP-strengthened RC beam with interface crack at intermediate shear-flexural
crack is shown in Figure 6-24. Higher bond strength resulted in slightly higher maximum loads, while
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higher fracture toughness usually resulted in higher ductility (i.e. beam model ultimately failed at larger
midspan deflection.) This result was similar to the case of the beam models with an interface crack at the
plate-end.
Load vs midpsan deflection behavior of FRP -strengthened RC beam
with interface crack at plate-end
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Figure 6-23: Effect of interface fracture energy and strength on behavior of
FRP strengthened RC beam with initial interface crack at the plate-end
Load vs midspan deflection behavior ofFRP-strengthened RC
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Figure 6-24: Effect of interface strength on behavior of FRP strengthened RC beam
with initial interface crack at an intermediate shear-flexural crack
C. Strength and Fracture Energy of Cohesive Elements
Figure 6-25 shows the load-deflection behavior of FRP-strengthened beam with an initial interface
crack at various locations along the span. Each curve corresponds to the location of an intermediate
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shear-flexural crack, which is measured in the x-direction from the axis of loading (e.g. 30 mm on the left
of the loading axis, 10 mm on the right of the loading axis, etc.). A low value of interface strength (2
MPa) in normal direction was used to allow interface debonding to take place. Slightly higher maximum
loads were obtained when the initial interface crack was located within the shear span. In these cases, the
beams failed by interface debonding. However, no debonding was predicted when the initial interface
crack was located within the middle third of the beam span. This was because debonding initiated an
intermediate shear-flexure crack was initiated by large differential displacements at the crack opening.
These differential displacements were very small when the crack was located in the midspan, but
significantly larger when it was located in the shear span.
Load vs midspan deflection behavior of FRP-strengthened RC beam
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Figure 6-25: Effect of the location of an intermediate shear-flexural crack
on behavior of FRP strengthened RC beam
6.6 Failure of FRP-Strengthened RC Beam Specimens under Moisture
Condition
As indicated by the peel and shear fracture tests, the extent of bond strength degradation after a period
of moisture conditioning is correlated with the amount of water that has diffused into the bond line.
Likewise, the important variable affecting debonding in FRP-strengthened RC beam under moisture
condition is the moisture content in the FRP/concrete interface. To investigate the failure behavior of
such a beams, moisture-affected CZM parameters for cohesive elements to be used in modeling failure of
concrete/epoxy interface have to be first determined. These parameters can be obtained from an FE
simulation of mass diffusion in the same manner as the peel and shear fracture specimens. Then, the
cohesive element with moisture-affected properties can be implemented in a FE model. The relationship
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Figure 6-26: Relationship between experimental study and numerical analysis
in the investigation of debonding in FRP-strengthened RC beam under moisture condition
6.6.1 Moisture Content in the Bond Line by FE Simulation of Mass Diffusion
In order to analyze the failure behavior observed in the FRP-strengthened RC beam specimens
discussed in Chapter 5, the moisture content in the bond line has to be first determined. Similar to peel
and shear fracture specimens, two finite element models were built using exactly the same dimensions
and features as the FRP-RC-PE and FRP-RC-INT specimens. These features included the opening in the
concrete due to pre-notches. Diffusion coefficients in Table 4-1 were assigned to corresponding material
elements in the models. A boundary condition of 100% moisture concentration was applied over the
entire surface where CFRP plate was bonded. On both sides of the models, the same boundary condition
was partially applied on the outer surface due to the fact that the specimens were partially under water
during moisture condition. The interface moisture contents, which are the average value over a small
region in the vicinity of the initial crack, are shown in Table 6-5. For the FRP-RC-PE specimens, the
moisture content was calculated for the plate-end region (Figure 6-27a). For the FRP-RC-INT specimens,
the moisture content was calculated for the pre-notch region (Figure 6-27b). About the same moisture
content was present at the initial interface crack in the FRP-RC-INT and FRP-RC-PE specimens, in spite
of additional concrete surface created by the pre-notches in the FRP-RC-1NT specimens. This can be
attributed to the fact that the diffusivity of concrete is already so high compared to the other constituent










Table 6-5: Interface moisture contents in beam specimens






2 weeks 4 weeks
1 6 weeks 8 weeks
(a) Beam with interface crack at plate-end (FRP-RC-PE)
2 weeks 4 weeks
W 6 weeks 8 weeks
(b) Beam with interface crack at shear-flexural crack (FRP-RC-INT)
Figure 6-27: Interface moisture content in beam specimens from finite element simulation
6.6.2 Corresponding CZM Parameters and Material Properties for FRP-strengthened RC Beam
Specimens
Since the interface moisture contents in the FRP-strengthened beam specimens and the meso-scale
fracture specimens are different for a given conditioning period, different values of CZM parameters
needed to be estimated in order to analyze the behavior of the beam specimens. CZM parameters
corresponding to specific interface moisture contents in the beam specimens were obtained by
exponential fit of the moisture content and CZM parameters shown in Table 6-2. These values of te, t,
G1, and GrH, (see Table 6-6) were used for the cohesive elements in FRP-strengthened RC beam models to
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describe moisture degradation of the concrete/CFRP interface strength under 2 weeks, 8 weeks, and dry
condition.
Table 6-6: Parameters for cohesive element obtained from peel and shear fracture tests for
FRP-strengthened RC beam model under moisture condition
Duration (wks) Normal Shear
t.(MPa) GIc (N/m) tp (MPa) Gilc (N/m)
0 6.10 906 13.92 1,326
2 5.05 563 12.31 926
8 2.88 237 12.22 683
Similar to the calculation of interface fracture toughness in Chapter 4, the material properties as
affected by moisture have to be determined. Since the moisture contents in the beam specimens are
already known from the diffusion simulation, moisture-affected properties of concrete and the epoxy can
be obtained by simple interpolation or statistically curve-fitting of the data from material characterization.
Their values for use in FEA are given in Table 6-7. The tensile strength and fracture toughness of
concrete were calculated from the compressive strength (f',) according to the ACI-318 Building Code
(ACI 2008):
f. = 0.62f' (in MPa) (6-13)
Note that the properties of concrete are the average between the values corresponding to completely dry
condition and the interface moisture content. This is because only one half of the specimen height was
under water during moisture condition, but the overall stiffness of the beam specimen will depend on the
overall Young's modulus and strength of concrete. The mechanical properties of steel reinforcement and
CFRP are not affected by moisture exposure.
Table 6-7: Moisture-affected material properties used in FE analysis
of FRP-strengthened RC beam specimens
Material Properties Dry 2 weeks 8 weeks
Econcrete (GPa) 35.14 34.45 33.29
Concrete f' ,(MPa) 36.51 36.42 36.25
GIc (N/m) 16.5 14.07 12.48
f' (MPa) 3.75 3.74 3.73
Epoxy Eepoxy (GPa) 1.5 1.27 1.27
fy (MPa) 22.23 21.57 20.36
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Table 6-7: Moisture-affected material properties used in FE analysis
of FRP-strengthened RC beam specimens (continued)
Material Properties Dry 2 weeks 8 weeks




6.6.3 Behavior of FRP Strengthened RC Beams under Moisture Condition
With finite element models implemented as described in Section 6.5 and the interface and material
properties presented in Tables 6-6 and 6-7, finite element analysis was performed. The result of the
analysis is given in Table 6-8. In the simulation, the quasi-Newton method was used to solve for the
linear and non-linear response before and after initial concrete cracking. However, due to relatively low
values of concrete fracture toughness, there were severe convergence difficulties as the beams abruptly
lost their load capacity due to extensive concrete cracking near the plate-end. As a result, large values of
viscosity parameter were required for visco-plastic regularization of concrete. In some cases, this led to
load-displacement going beyond the point of a true ultimate failure. Therefore, contour plots of stress and
plastic strain were used to visually identify the moment of failure and the corresponding failure mode.
Table 6-8: Summary of maximum load and failure behavior of beam specimens
Beam model Load at Failure* Load at Failure in Failure Behavior
(kN) Experiment (kN)
FRP-RC-PEO 67.02 80.68 Concrete cover delamination
FRP-RC-PE2 62.42 74.66 Concrete cover delamination
FRP-RC-PE8 n/a 68.81 Extensive flexural cracks
FRP-RC-INTO 60.80 76.44 Concrete cover delamination
FRP-RC-INT2 68.65 73.07 Concrete cover delamination
FRP-RC-INT8 66.38 68 Concrete cover delamination
*Load corresponding to the onset of crack initiation in concrete at the plate-end
As observed in the experiment, all the FRP-strengthened RC beam models failed by concrete cover
delamination initiated from the plate-end. Figures 28 and 39 show the evolution of concrete cracks under
various load levels in the models. Under a lower load level only flexural cracks were present, while large
crack opening near the plate-end started to propagate under a higher load level. Note that different scales
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are used to plot the crack patterns under two different load levels to make them stand out. The load vs
midspan deflection relationships are shown in Figure 6-30. The beam models exhibited linear behavior
briefly before the onset of the first flexural cracks. The difference between the overall stiffness was
unnoticeable because the values of Young's modulus were very close. The maximum loads at the onset
of concrete cover delamination were on the other hand comparable for all beam models. Under these
maximum loads, the stresses in the steel reinforcement and the CFRP were lower than the corresponding
material strengths, implying that the failure was premature in nature, and that the material strength was
not fully utilized (Figure 6-31).
P =30 kN P = 70 kN(a) FRP-RC-PEO
P =30 kN P = 70 kN(b) FRP-RC-PE2
P =30 kN P = 70 kN(c) FRP-RC-PE8
Figure 6-28: A typical global failure in FRP-RC-PE models
P =30 kN P=70 kN(a) FRP-RC-INTO
P = 30 kN
P =30 kN
(b) FRP-RC-INT2 P = 70 kN
P= 70 kN
(c) FRP-RC-INT8
Figure 6-29: A typical global failure in FRP-RC-INT models
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Figure 6-30: Load vs midspan deflection from FE simulation
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6.6.4 Comparison of Results from FE Simulation and Experiment - Interface Debonding
In Chapter 5, the effect of moisture on the loading capacity and failure behavior of FRP-strengthened
beams through an experimental program was discussed. Recall that the test on the beam specimens
showed that moisture did not significantly affect global failure behavior of FRP-strengthened beams.
Loss in load capacity in all the specimens was a result of concrete cover delamination initiated from the
plate-end. Nonetheless, local interface debonding also had taken place prior to the ultimate failure in the
beam specimens conditioned under water for 8 weeks, while the CFRP/concrete interface in the other
specimens were fairly intact. This debonding failure was initiated from an initial interface crack near an
existing shear-flexural crack or subsequent flexural cracks as a result of specimen loading.
Concrete cover
Debond ed region Flexural cracks delamnination
Figure 6-32: Local debonding near the initial crack as a result of moisture degradation
in the FRP-RC-INT8 beam model
A similar behavior was observed in the FE simulation. In the model for the FRP-RC-INT8 specimen,
damage in the interface initiated under the load of 58 kN at the initial interface crack near the pre-notch.
This crack initiation was indicated by the quadratic failure criterion in Equation (6-3) having the value of
one. As the load increased beyond this value, the shear and normal tractions in the interface decreased.
At the load corresponding to the onset of concrete cover delamination, the tractions were almost zero,
implying that interface debonding had already taken place (Figure 6-32). On the other hand, not much
damage evolution took place in the other beam model, even though damage was deemed to initiate. This
phenomenon was clearly a result of lower fracture energy parameters in the traction-separation law
corresponding to 8 week conditioning periods. This simulation result has confirmed that the local
debonding in the FRP-RC-INT8 specimen is a result of reduction in the bond strength due to moisture
degradation. It is worth noting that although local debonding does not affect the load-deflection behavior
of FRP-strengthened RC beams during loading stage, it can lead to further weakening of the FRP/concrete
interface by increasing the surface area directly exposed to moisture. As a result, more moisture can
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diffuse into the bond line causing even more moisture degradation in the FRP/concrete interface. If the
beams are exposed to moisture condition for a very long period, they can ultimately fail by complete
separation of the FRP/concrete interface. Therefore, special attention must given to prevent any
debonding during the service life of FRP-retrofitted concrete structures.
6.7 Summary of Results
In this chapter, debonding failure in FRP-concrete system was modeled by the cohesive zone model.
The parameters for traction-separation law were obtained from the experimental results of the peel and
shear fracture test. The model was then implemented in FEA by cohesive element for FRP-strengthened
RC beams. The results from the parametric study on the behavior of FRP-strengthened RC beams have
suggested that the failure behavior of FRP-strengthened RC beams depends on various factors, namely
dimensions of the FRP reinforcement relative to the beam geometry, the locations of pre-existing crack,
and the strength of the FRP/concrete interface. Too small a cross-section or too small a bond length of
FRP can render the strengthening system ineffective, resulting in no significant improvement of the
loading capacity. On the other hand, too much FRP reinforcement can result in brittle failure mode
without prior warning. A shift in failure mode, from steel reinforcement yielding to premature failure by
interface separation or concrete cover delamination accompanied by lower maximum load, can also result
from lower interface strength and fracture energy. This is similar to the case of bond strength reduction in
FRP/concrete bond exposed to moisture.
Using the cohesive zone model and finite element analysis, debonding behavior of FRP-strengthened
RC beam specimens was further investigated. It was found that moisture did not significantly affect the
global failure of the beams. Local interface debonding occurred only in the beam models with a pre-
notch that had interface strength and fracture energy corresponding to 8 week conditioning period. No
interface debonding was observed in the beams with interface strength and fracture energy corresponding
to dry condition and 2 week conditioning period from FEA. It is clear from the analysis that the local
debonding observed in the laboratory was a result of moisture degradation. Further exposure to moisture
can also result in more interface degradation due to the existence of debonded region formed under
loading, leading to the ultimate failure by complete separation of the CFRP/concrete interface.
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CHAPTER 7
Numerical Study of Interfacial Fracture using
Molecular Dynamics
7.1 Introduction
Bi-layer material systems are present in various applications. The strength of a bi-layer system
depends on the properties of both the interface and the constitutive materials. Loading can be tangential
or normal to the bond line, or a combination of both. In order to determine the bond strength using
fracture mechanics, loading on a bi-material system can be idealized as Mode I and Mode II, or opening
and shearing mode, respectively. In recent years, considerable effort has been devoted to developing
fracture mechanics for bi-layer material systems in an effort to understand the mechanics of fracture and
debonding, as a result of increasing use of adhesive bonding, wear-resistant coatings, and thermal
insulation in various engineering applications. However, the analytical and empirical formulae based on
interfacial fracture mechanics have generally been limited to mechanical debonding and are unable to
predict the fracture toughness and the crack propagation direction in bi-layer materials when chemical
effects are involved. One of the important examples of this complex phenomenon is interfacial fracture
under moisture effect, which is related to the durability of bi-layer material systems under prolonged
exposure to moist environment (Kinloch et al. 2000; Loh et al. 2002; Au and Buyukozturk 2006b). In
some cases, such as debonding of the retrofit material used for structural strengthening, failure of the bi-
material systems can lead to catastrophic results. Therefore, a more reliable method to predict the
strength and crack propagation in bi-layer materials is required when environmental and chemical effects
are involved.
7.1.1 Interface Fracture under Moisture Condition
In the problem of interface fracture, crack can propagate in bulk materials (material decohesion) or
along the interfaces (interface separation). Empirical and analytical formulae available to predict
interfacial fracture behavior include: 1) crack kinking by energy release rate (Hutchinson and Suo 1992;
Nishioka et al. 2003), 2) crack kinking by maximum hoop stress (Yuuki and Xu 1992), and 3) crack
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kinking by zero complex stress intensity factor, Kr, (Akisanya and Fleck 1992). In Chapter 4, the effect of
continuous moisture was investigated by conducting a fracture test on tri-layer specimens consisting of
CFRP, epoxy adhesive, and concrete. The specimens were loaded under displacement control in peel and
shear loading configurations separately (Figure 4-2). It was found that the presence of moisture reduced
the fracture toughness of the tri-layer material system. In addition, for both peel and shear loadings, while
the dry specimens failed by concrete delamination, in all cases the wet specimens failed by
epoxy/concrete interface separation. Without any complicated calculation, using material properties
(Young's modulus, Poisson's ratio, and fracture toughness) from material characterization test program,
the crack kinking criterion according to Hutchinson and Suo (1992) was applied:
r> G1  (7-1)
F Gsmax
where T, is the fracture toughness of the substrate, into which crack tends to propagate, and J is the
fracture toughness of the interface. G, and Gs,, are the energy release rate of the interface crack and the
maximum energy release rate of the system under current loading, respectively. If the values of fracture
toughness and energy release of the bi-layer system in consideration satisfy Equation (7-1), the interface
crack will kink into the substrate. From peel and shear fracture test and material characterization
discussed in Chapter 4, the interface fracture toughness and concrete fracture toughness are given in Table
7-1. The ratio on the left-hand side of Equation (7-1) can be calculated for each conditioning period.
Table 7-1: Mode I fracture toughness (in N/m) of the concrete/epoxy interface and plain concrete
Weeks Room Temperature 50 'C
Finterface Vconcrete Finterface Fconcrete
0 > 906.01 16.52 > 737.14 14.29
2 321.58 12.44 308.73 11.83
4 227.41 11.30 223.35 11.21
6 243.70 10.59 243.70 10.83
8 250.36 9.85 193.05 10.40
The ratio on the right-hand side of Equation (7-1) is usually smaller than unity for a bi-material
system consisting of substrates comparable to concrete and epoxy in terms of elastic mismatch (He and
Hutchinson 1989a). From the values in Table 7-1, Equation (7-1) is always satisfied for specimens under
both dry and wet conditions, and predicts that the interface crack will kink into concrete. Therefore, the
criterion could well predict that the interface would kink into concrete resulting in failure by concrete
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delamination. However, it fails to explain the decrease in strength and shift in failure mode observed in
wet specimens, in which interaction at the material level between water, epoxy, and concrete may have
occurred in the bulk material and at the interface. Two possible explanations may be offered for this
phenomenon. First, plasticization by water toughens a layer of epoxy-penetrated concrete in the vicinity
of the interface (Figure 7-la). As a result, the initial crack at the interface between concrete and epoxy
can not propagate into concrete due to this toughened top concrete layer, and stays at the interface instead.
Second, the adhesive force at the interface is weakened due to reaction between epoxy and water (Figure
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Figure 7-1: (a) Plasticization of epoxy-penetrated concrete layer and
(b) Weakening of bond between epoxy and concrete
Either of these scenarios or both could occur in the fracture specimens. This suggests that crack
propagation in a layered material system with the presence of moisture is a complex phenomenon and
further investigation at a more fundamental scale is necessary. To study fracture behavior in a bi-layer
material system involving complex chemical reaction (i.e. hydrolysis in case of moisture effect), a
numerical simulation at molecular or atomistic level that can account for the chemical reaction (bond
formation or dissociation) is required. One approach is to use molecular dynamics simulation.
7.1.2 Why Use Molecular Dynamics Simulation
Molecular dynamics (MD) simulation is suitable for studying fracture behavior because it can capture
material deformation and bond breaking process through the choice of potentials at microscopic level.
Therefore, it allows researchers and engineers to also observe deformation mechanisms during crack
propagation and, at the same time, gain a deeper fundamental understanding of the behavior at the
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material level, which cannot be achieved by the use of other numerical methods, such as FEM. For
example, MD simulation for polymer reveals that crack propagation involves two types of material
deformation, namely the pulling out and the breaking of molecular chains, depending on load level
(Perrson 1999). These mechanisms are equivalent to plastic flow and crazing typically observed in
experiments. In other words, MD simulation may be used as a high-resolution microscope to observe
deformation mechanisms in the vicinity of the crack tip. Unlike other numerical methods, knowledge
about the direction of crack propagation is not required a priori in order to conduct the MD simulation.
7.2 What is Molecular Dynamics Simulation?
7.2.1 Fundamentals of Molecular Dynamics
MD simulation is a study of material properties and behavior using fundamental units, atoms or
molecules of a material system (Krishnan and Buehler 2006; Buehler 2008; Sen et al. 2010). It was first
introduced in thermodynamics and physical chemistry to calculate various properties of physical systems
including gases, liquids, and solids. The technique is now used in some disciplines, such as biology and
bio-engineering. In MD simulation, materials are formed by fundamental units of atoms or molecules.
The collective interaction of a large number of atoms and molecules defines the material properties such
as elasticity, fracture strength, or yield strength. Their function, analogous to various elements in finite
element analysis, is to represent the material spatially distributed throughout the entire body. These
fundamental units or atoms are interacting with each other under a cohesive law. The interaction between
them, i.e. attraction or repulsion, is governed by interatomic potential or force field (FF), which can be
expressed in simplest form as a function of distance between the atoms. Figure 7-2a shows a material
idealized as a set of atoms linked by springs representing the interatomic potential. This is called a bead-
spring model. As the springs elongate or contract, forces are exerted on the interconnected atoms. Figure
7-2b shows the bond breaking process during the crack propagation. Bond breaking may occur when
sufficiently large strain is applied in the stress concentration region (e.g. crack tip). It can also occur
during a chemical reaction, in which two molecular species come close to each other causing high enough
potential energy to overcome the bond breaking or bond formation barrier.
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(a) (b)
Figure 7-2: (a) Material idealization as atoms linked by springs and
(b) bond breaking during crack propagation
Using an appropriate potential function to describe the intermolecular interaction, one can obtain
trajectories (locations and velocities) of all atoms in a system under applied displacement or external
force by solving the differential form of Newton's 2"d law of motion, F = md 2r/d?, where F is the
interatomic force calculated from the first derivative of the interatomic potential at a certain distance, and
m is the mass of each atom. MD simulation solves the second order differential equation of the form
shown in Equation (7-2) by numerical integration, such as Verlet integration, for position r:
d 2r,(t) F(7-2)
a,(t) dt 2  '7
F 8#,!I(r, r2 ,-.., rN)(3F = ~ - r  r (7-3)
Ni
#i (r) =0 #,(r,) (7-4)
where a, is the acceleration, #, the potential energy, r, the position (vector), and mi the mass of atom i. F,
and N are, respectively, the total force on atom i and the number of neighboring atoms near atom i. In
practice, a distance re, or cut-off radius is usually specified in simulation, so that only atoms with the
radius re, from atom i are considered in Equation (7-3). This helps reduce the computationally intensive
task of calculating the total force. The main objective of an MD simulation is to determine the
equilibrium configuration of atoms in a system being loaded by displacement or force control at its
boundaries. The result of the MD simulation is trajectories of all the atoms in the system, i.e. positions
(ri) and velocity (time-derivative of ri). This information can be plotted to see the deformation of material
bodies in the simulated system. Potential and kinetic energies, or other properties can be calculated from
the simulation results as ensemble properties.
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7.2.2 Choice of Interatomic Potential
The choice of the interatomic potential is very important in order to obtain physically reasonable
results from the MD simulation. Different potentials are appropriate for specific types of material
systems. For example, the embedded atom method (EAM) potential is a reasonable model for MD
simulation involving metals. Simple empirical potentials, like Lennard-Jones (LJ) potential, are sufficient
only to describe the behaviors of simple systems, such as the diffusion of an ideal gas. However, when
studying material behavior that involves both bond formation and dissociation, as evident from fracture
behavior in bi-layer materials under moisture effect, the use of reactive force field (RFF) is required. This
force field is specifically designed to be able to describe the breaking and formation of different chemical
bonds, which extends the modeling capabilities of empirical or semi-empirical force fields, such as EAM
and LJ potentials. It takes into account both bond length and bond order in calculating atomic potentials.
7.3 Applications of MD for Study of Interfacial Fracture
7.3.1 A Preliminary Study
An application of MD simulation to multi-layer material has been investigated using a program
called IMD, which is created and maintained by Institut fur Theoretische und Angewandte Physik,
University of Stuttgart (Stadler et al. 1997; Roth et al. 2000). Figure 7-3a shows the schematics of the
preliminary study on fracture in the bi-material system consisting of soft and stiff substrates, which was
conducted using harmonic potential and simulation parameters corresponding to the representative
Young's moduli of concrete and epoxy as shown in Table 7-2 (see Appendix C for a sample input file).
These values of Young's moduli were obtained in the work by Au (2005). The simulation program uses
spring constants (k) and breaking distances (rreak) as simulation parameters. The spring constant is a
parameter to calculate the potential energy of each atom in the system, which gives the total force acting
on each atom. Their relationships with bulk and interface properties of the constituent materials, i.e.
Young's modulus (E), shear modulus (G), and fracture energy (y), are as follows (Buehler et al. 2004;
Buehler 2008):
E = 2k /-r (7-5)
G = kV3 /4 (7-6)
y = NbpIk(rbreak --ro) 2  (7-7)
4
where Nb is the number of neighboring atoms = 4 for FCC crystal, ro the distance between atoms at
equilibrium = 1.12 A, and p = 1/ro2 = 0.794. A periodic boundary condition was applied in the y-
direction, so the system resembles a slab of infinite thickness in positive and negative y-directions (Figure
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7-3b). With this boundary condition implemented, any atom that moves beyond a boundary of the
simulation cell will be traveling back into the simulation cell via the opposite boundary. Load was
applied on the bi-layered material system by applying a displacement rate on the atoms in the top row of
the soft substrate, while the atoms in the bottom row of the stiff substrate were fixed during simulation
(Figure 7-3b). See Appendix C for a sample input file. The simulation was run in a micro-canonical
ensemble (NVE), where the number of atoms (N), volume (V), and energy (E) were preserved throughout
the simulation steps. Temperature of the system was set to be T = 0 K at the start of the simulation by
assigning the initial atom velocity to zero according to relationship:
3 1 1 2
-kB Tiv2 (7-8)
2 N 2
where kB is the Boltzmann constant.
Table 7-2: Spring constants for harmonic potential in MD simulation
Young modulus (GPa) k (N/A*) rbreak (A)
Stiff layer (after concrete) 21.8 136.85 1.3
Soft layer (after epoxy) 4.1 25.7 1.3
Material and interface parameters:
k and rb Z
t I t i t t tHarmonic Potential




Stiff substrate (E2, Y2)
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Solving Newton's 2nd Law
Initial crack (-30 A)
Fracture Behavior
(a) (b)
Figure 7-3: Schematics of MD preliminary study
The effect of the interface fracture energy was studied by varying the breaking distance of the
interface from 1.23 A to 1.35 A. This results in values of interface fracture energy ranging from 0.3 to
1.6 when normalized by the fracture energy of the soft substrate. The decrease in interface fracture
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energy corresponds to the weakening in interface bond strength of the bi-material system. Figure 7-4
shows two possible failure modes in the bi-material system-interfacial crack and kinked crack-
obtained from the MD simulation, in which the system is loaded in opening mode under displacement
control. Figure 7-4a shows crack propagation along the interface, while Figure 7-4b crack propagation
kinking into the soft substrate. The fracture energy of the interface in the first case is smaller than that in
the latter. Note that each sphere in the figures represents atoms of the constituent materials and has a
diameter in the order of 1.12 A.
(a) (b)
Figure 7-4: MD simulation result showing initial crack and trajectories of atoms constituting
bi-layer material system (t/a = 0.5) (a) crack propagation along the interface;
(b) crack propagation into softer substrate
7.3.2 Effects of Fracture Energy on Kinking of Interface Crack
Figure 7-5 shows the relationship between the fracture energy of the interface (yinterface) normalized by
the fracture energy of the soft substrate (yl) and the angle at which the crack propagates with respect to
the interface (or the orientation of the initial crack). Zero angle means crack propagates along the
interface. Results are obtained for the ratios of soft substrate thickness to the initial crack length (t/a) of
0.3, 0.5, 0.7, 1.3, and 2.6. Failure mode will change when the ratio of the fracture energy between the
interface and the substrate exceeds a certain value. In this case, failure mode changes from the interface
crack to the kinked crack when the ratio is approximately 0.7 or larger, regardless of the substrate
thickness. The presence of a threshold value of surface energy resembles the kink criterion proposed by
He and Hutchinson (1989a).
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Figure 7-5: Normalized fracture energy (Yintegace/Yi) and crack tip angle from MD simulation
Crack kinking started when the normalized fracture energy was larger than 0.7.
The result shows that the magnitude of interface fracture energy (Yinterface) relative to fracture energy of
the substrate (y,) affects how crack propagates in a bi-layer material system. The shift in failure mode
observed in simulation is similar to the behavior observed in our meso-scale peel fracture test, in which
the material and the interface properties change under the effect of moisture. Parametric study using MD
simulation will provide an insight to why such failure mode shift takes place in peel and shear fracture
tests. In addition, energy release rate, which is important in fracture mechanics, can directly be calculated
from simulation results (Xu et al. 2004).
7.3.2 Future Applications of MD for Interface Fracture
In this study, a simple interaction between atoms was modeled in the form of the harmonic potential.
In real bi-material systems, however, the material interactions are more complicated and require more
sophisticated force fields to describe the ongoing physical and chemical interactions. For example, in the
case of adhesive bond joint in FRP-concrete structures, moisture can cause hydrolysis between molecular
chains of the polymer and the C-S-H paste. A more robust force field, such as ReaxFF (Duin et al. 2001;
Duin et al. 2003; Cheung et al. 2005) optimized for such a system, is more applicable in this situation. In
addition, the fracture toughness measured from fracture tests, such as the beam bending test and the
Brazilian test, are different from the fracture energy calculated in MD simulation (Xu et al. 2004). This is
due to the fact that defects are usually present in laboratory specimens rendering the measured fracture
toughness smaller. Investigation on how to relate fracture energy in simulation to macroscopic fracture
toughness in experiment has to be conducted in order for the method to be accepted among the civil
engineering community. Combining MD simulation and continuum mechanics approach such as FEM
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would also lead to potentially new material systems and applications (Sen et al. 2010; Sen and Buehler in
revision).
7.4 Summary
A preliminary study on interface fracture in a bi-material system was conducted using molecular
dynamics simulation. A harmonic potential was used to describe the interaction among atoms in the
substrates and the interaction between atoms at the interface. This potential requires two parameters,
namely spring stiffness and breaking distance for the material and the interface, from which mechanical
properties can be approximated. The simulation results show the dependency of crack kinking behavior
on the relative magnitude of the fracture toughness of the interface and the substrate. The ability to model
fracture behavior without a priori crack path and to incorporate chemistry during crack propagation
makes MD a fascinating technique to study material behaviors.
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CHAPTER 8
Summary, Conclusions, and Future Work
The objective of this thesis research is to understand debonding mechanisms and investigate the
durability of FRP-strengthened concrete systems under various moisture conditions using the fracture-
based approach, in order to form the basis for future design guideline development. Degradation of bond
strength at the meso-level was quantified by the tri-layer fracture toughness, which takes into account the
geometry of the peel and shear fracture specimens and the moisture-affected mechanical properties of the
constituent materials. This research consists of a number of experimentations and numerical simulations.
An experimental program for characterization of FRP/concrete bond system was conducted using the tri-
layered meso-scale fracture specimens under various moisture conditions. These conditions include
continuous moisture ingress, moisture reversal, and moisture cyclic condition, from which a prediction
can be made of the life-cycle of FRP/concrete bond system in a FRP-strengthened RC beam. With the
information on the moisture-affected bond strength of FRP/concrete bond system and material properties
obtained, a numerical analysis of FRP-strengthened RC beam under continuous moisture condition was
then performed. A finite element model was developed based on the concept of fracture mechanics and
the cohesive zone model to explain the failure behavior observed in the 4-point bending test of FRP-
strengthened RC beam specimens under continuous moisture condition.
8.1 Summary of Results
8.1.1 Effect of Variable Moisture Conditions on FRP/Concrete Interface
The effects of variable moisture conditions on the fracture toughness of FRP/concrete bond system
were studied by means of the peel and shear fracture toughness determined from the conditioned test
specimens. It has been found that prolonged exposure to moisture condition can cause significant
degradation of the CFRP/concrete bond strength (as much as 70%). After a certain period of time, the
bond strength approached a certain value, and no further significant degradation was observed thereafter.
This asymptotic fracture toughness is the minimum bond strength a FRP/concrete bonded system can
retain after a very long moisture exposure. In addition, it has been found that the adhesive bond joint
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cannot regain its original bond strength after successive wet-dry cycles. The residual bond strength
decreases as the number of wet-dry cycles and the intermediate conditioning duration increase.
In all cases of moisture exposure, the failure mode shift is always associated with the degradation of
FRP/concrete bond and the weakening of the interface between concrete and the epoxy. This behavior
can be considered during the design process and maintenance planning for a FRP-strengthening system by
developing and incorporating a predictive life-cycle model based on the experimental results under
moisture cyclic condition. Based on this deterioration behavior, a conceptual model has been developed
for predicting the service-life of FRP/concrete bond systems. Using the concept of fracture mechanics,
the application of the proposed service-life prediction scheme was demonstrated through a finite element
model of a full-size FRP-strengthened RC beam and moisture diffusion simulation. It is expected that
this methodology will enable engineers to incorporate a service-life analysis into the design process and
maintenance planning of a FRP-strengthening system.
8.1.2 Effect of Continuous Moisture on FRP-Concrete System
To investigate the effect of moisture on the behavior of FRP-concrete at the structural level, seven
FRP-strengthened RC beam specimens and one non-strengthened RC beam specimen were tested under
4-point bending. It was found that in general the load-deflection behavior of all the beam specimens were
generally similar regardless of the moisture conditioning durations. The FRP-strengthened RC beams
exposed to moisture generally have lower stiffness than the dry ones. Nonetheless, debonded regions,
initiated from either the initial interface crack or resultant flexural cracks, were also observed during the
test in the beam specimens conditioned for the duration of 8 weeks. This result indicates that the
weakening of the FRP/concrete bond strength in the systems conditioned for 8 weeks is more severe than
those conditioned for 2 weeks. One explanation for this is that the moisture content in the bond line
corresponding to 2 weeks is too low to result in any critical strength degradation of the interface.
8.1.3 Numerical Study of FRP-strengthened RC Beam under Moisture Condition
An analysis approach has been developed for predicting debonding behavior in FRP-strengthened RC
beams using the finite element method and the information on moisture-affected degradation of
FRP/concrete bond joint obtained from the meso-scale fracture tests. The first step in implementing FE
method to study debonding in FRP-strengthened RC beam is to derive the parameters of the traction-
separation law for the cohesive elements. This was accomplished by calibrating FE models against the
experimental result on the peel and shear fracture specimens under continuous moisture condition. Using
the cohesive zone model and finite element analysis, a parametric study was performed for the FRP-
strengthened RC beam specimens. Several properties including FRP plate length and interface bond
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strength have been identified as important parameters that can affect both the load capacity and the failure
mode of a FRP-strengthened RC beam.
To investigate the failure behavior of the beam specimens, the moisture-affected cohesive zone model
parameters and material properties corresponding to conditioning periods in experiment were used in the
FE models. It was found that moisture did not significantly affect the global failure of the beams. Local
interface debonding occurred only in the beam models that had interface strength and fracture energy
corresponding to the 8 week conditioning period. No interface debonding was observed in the beam
models with interface strength and fracture energy corresponding to the dry condition and the 2 week
conditioning period from FEA. It is clear from the analysis that the presence of local debonding observed
in the laboratory is a result of moisture degradation. Once an interface crack has been formed under
loading, further exposure to moisture can result in more interface degradation because more area of
adhesive bond is exposed to moisture attack.
8.1.4 Preliminary Study of Interface Fracture Using Molecular Dynamics Simulation
An analysis of failure mode shift observed in peel fracture specimen was conducted using available
crack kinking criterion for interface fracture. The criterion can well predict the kinking of crack into
concrete in dry condition. However, it failed to explain the decrease in strength and interface crack
propagation observed in wet condition. In order to further investigate this phenomenon, in which
interaction at the material level between water, epoxy, and concrete may have occurred in the bulk
material and at the interface, a preliminary study on interface fracture in a bi-material system was
conducted using molecular dynamics simulation. A harmonic potential was used to describe the
interaction among atoms in the substrates and the interaction between atoms at the interface. This
potential requires two parameters, namely spring stiffness and breaking distance for the material and the
interface, from which mechanical properties can be approximated. The simulation results show the
dependency of crack kinking behavior on the relative magnitude of the fracture toughness of the interface
and the substrate.
8.2 Conclusions
This thesis research has shown that variable moisture condition can have detrimental effects on FRP-
concrete systems. It can alter the mechanical properties of the constituent materials and the interface,
resulting in the reduction of the failure load and the shift in failure mode. The level of moisture
degradation depends on the amount of water present in the interface region and on the history of moisture
exposure in case of moisture cycles. Longer exposure to moisture and more number of wet-dry cycles
generally lead to more severe permanent degradation of the interface and the materials.
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Fracture mechanics approach implemented in finite element analysis using the cohesive zone model
(CZM) has proven to be a useful tool to analyze debonding problems in a FRP-concrete structural system.
The methodology is capable of predicting local debonding failure and global premature failure by
concrete cover delamination in the FRP-strengthened RC beam as observed in the experiment. The
parameters for CZM can be obtained from the simple meso-scale peel and shear fracture tests for other
types of commercial epoxy. These moisture-dependent parameters are transferable and can be applied to
various FRP-concrete structures, other than FRP-plated beams, that have FRP/concrete interface.
It is recommended that special attention is given when designing FRP-retrofitted concrete structures.
Geometric properties of the FRP plate can influence the failure mode and load capacity as shown by the
finite element analysis. Care must be taken to prevent any debonded region to form during the
application of FRP composites. Protection of the FRP/concrete interface against moisture and other
chemical should be provided, while the retrofitted structures can be designed according to the design
guideline, which is based on results from short-term experiment.
8.3 Intellectual Contributions
The studies in this thesis contribute towards the understanding of debonding mechanisms in FRP-
strengthened concrete systems under various moisture conditions. In particular, this thesis:
- Advance multi-disciplinary areas of fracture mechanics experimentation, moisture diffusion
simulation, durability mechanics, and numerical analysis of material and structure.
- Provide scientific knowledge, as well as expanded quantitative and qualitative information on
moisture-affected deterioration of adhesive bond joints.
- Provide service-life predictive methodology for FRP-retrofitted concrete structures subjected to
cyclic moisture conditions.
- Provide a methodology for analyzing FRP-strengthened RC beams under continuous moisture
condition based on fracture mechanics, which can be integrated into the design guideline to the
ensure safety of civil structures strengthened using FRP composites.
- Enhance our understanding of interface in bi-layer material systems and how material and
interface properties play a role in the debonding problems by drawing a link between the results
of meso-scale fracture tests and microscopic level study using molecular dynamics simulation.
It is believed that this thesis research will have a direct impact on professional practice as the use of
FRP for retrofitting concrete structures is becoming widely popular, while the durability of such
strengthening system still remains a critical problem. The findings and methodology developed in
this thesis research will form the basis for future qualitative and quantitative assessment of the
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behavior of FRP-retrofitted reinforced concrete structures, and for the development of design
guideline.
8.4 Future Work
In this research, a methodology to investigate moisture-affected debonding in FRP-concrete systems
has been developed. This involves a calibration of the cohesive zone model to account for moisture
degradation of FRP/concrete bond strength obtained from the fracture tests. In a real service condition,
however, strengthened concrete structures are subjected to both mechanical and environmental stresses at
the same time. Such effects of sustained stress coupled with moisture diffusion can further degrade the
strength of the FRP/concrete interface leading to premature failure at load level much lower than
predicted by the model. This phenomenon was investigated in a preliminary study. To simulate this
condition in the laboratory, fracture tests on peel specimens under coupled moisture diffusion and stress
were conducted. Stress in the interface was created by applying constant loads corresponding to 10, 20,
and 30% of the initial bond strength on the cantilever tip of peel fracture specimens. The loading frames
were left in water containers at both room temperature and at 50 0C. It was found that some specimens
could fail even during moisture conditioning. This implies that the interface fracture toughness could be
greatly affected by an existing sustained load. The effect of sustained load on interface fracture toughness
in a specimen under moisture effects needs to be further studied for the modification of the proposed
model to take into account the effect of stress-diffusion coupling.
Characterization of the FRP-concrete system has suggested that complex chemical reaction takes
place during moisture degradation, resulting in a shift in failure mode and reduction in bond strength.
However, the existing analytical formulae cannot fully explain this intriguing phenomenon. Therefore,
this should be further investigated from a more fundamental perspective. One can use molecular
dynamics simulation, a study at microscopic level, which takes into account complex chemical
interactions taking place at the interface and in the constituent materials during moisture degradation.
Material behavior at the interface, which is difficult to study at macroscopic level, can be explained. In
order to apply the knowledge to a large FRP-concrete system, a bridging technique between molecular
dynamics simulation and continuum mechanics has to be developed. One can achieve this goal by
calibrating the cohesive zone model, which describes failure behavior of the interface, with the traction-
separation relationship obtained from molecular dynamics simulation.
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A. Sample Input Files for Finite Element Simulation with ABAQUS
The following input files were generated by ABAQUS/CAE user interface for different simulation
purposes. The syntax is based on ABAQUS version 6.6.1.
A.1 Mass Diffusion Simulation
*Heading
** Job name: PeelIngress_2_25C Model name: Model-i








1, 150., 19.75, 50.
2, 150., 18.75, 50.
3, 150., 18.75, 25.
4, 150., 19.75, 25.





































3D Moisture Diffusion Simulation of Peel Specimen
*Mass Diffusion, end=SS, dcmax=0.3
10000., 1.21e+06, 12.1, 1.21e+06, le-10
** BOUNDARY CONDITIONS
** Name: CFRPBC Type: Mass concentration
*Boundary
_PickedSetl2, 11, 11, 1.
** Name: ConcreteBC Type: Mass concentration
*Boundary
_PickedSetl0, 11, 11, 1.
** Name: EpoxyBC Type: Mass concentration
*Boundary
_PickedSetl1, 11, 11, 1.
**OUTPUT REQUESTS
*Restart, write, frequency=O













*Mass Diffusion, end=SS, dcmax=0.3
10000., 1.21e+06, 12.1, 1.21e+06, le-10
**OUTPUT REQUESTS
*Restart, write, frequency=0














*Mass Diffusion, end=SS, dcmax=0.3
10000., 1.21e+06, 12.1, 1.21e+06, le-10
**OUTPUT REQUESTS
*Restart, write, frequency=0













*Mass Diffusion, end=SS, dcmax=0.3
1.21e+06, 1.21e+06, 12.1, 1.21e+06, 1e-10
**OUTPUT REQUESTS
*Restart, write, frequency=0













*Mass Diffusion, end=SS, dcmax=0.3
10000., 1.21e+06, 12.1, 1.21e+06, ie-10
**OUTPUT REQUESTS
*Restart, write, frequency=O














*Mass Diffusion, end=SS, dcmax=0.3
10000., 8.46e+06, 84.6, 8.46e+06, le-10
**OUTPUT REQUESTS
*Restart, write, frequency=0











A.2 Stress Intensity Factors Calculation using Domain Integral
A.2.1 Full-size Beam Sample (with intermediate shear-flexural crack or plate-end crack)
*Heading
** Job name: beamintermnocontour_30cm Model name: Beam interm no contour_30cm



































*Concrete Tension Stiffening, type=GFI
3.72, 0.124
















































*Step, name=Loading, inc=1 000
Loading Step
*Static
1 e-1 1, 1., 1 e-1 1, 1.
*Solution Technique, type=QUASI-NEWTON
** BOUNDARY CONDITIONS
** Name: Roller Type: Displacement/Rotation
*Boundary
support, 2, 2
** Name: midspan Type: Displacement/Rotation
*Boundary
_PickedSet579, 1, 1
** Name: ul Type: Displacement/Rotation
*Boundary















E, PE, PEEQ, PEEQT, S, STATUS




** HISTORY OUTPUT: Loading force
*Node Output, nset=loading-point
CF2, RF2
** HISTORY OUTPUT: LoadpointDisplacement
*Node Output, nset=loading-point
U2,
** HISTORY OUTPUT: MidspanDisplacement
*Node Output, nset=midspan
U2,





A.2.2 Submodel Region of Full-size Beam Sample
*Heading
** Job name: submodel_30cm Model name: Beamintermsubmodel_30cm
































1 e-1 1, 1., 1 e-1 1, 1.
** BOUNDARY CONDITIONS





*Restart, write, number interval=1, time marks=NO






E, PE, PEEQ, PEEQT, S
*Output, history, frequency=0
** HISTORY OUTPUT: J-integral History
*Contour integral, crack name=J-integral History_Crack-1, contours=5, crack tip nodes
_PickedSet596, _PickedSet597, 1., 0., 0.
** HISTORY OUTPUT: K-factors
*Contour integral, crack name=K-factors_Crack-1, contours=3, crack tip nodes, type=K FACTORS, direction=MERR
_PickedSet596, _PickedSet597, 1., 0., 0.
*End Step
A.3 Peel and Shear Fracture Specimen
A.3.1 Peel Fracture Specimen
*Heading
** Job name: peelspecimencoh Model name: mixedmode











































*Concrete Tension Stiffening, type=GFI
3.72, 0.12































































































































** Name: displacement Type: Displacement/Rotation
*Boundary
load-point, 2, 2, 40.












DMICRT, E, EE, IE, PE, S, PEEQ
** HISTORY OUTPUT: Load
*Output, history
*Node Output, nset=load-point
CF1, CF2, RF1, RF2




A.3.2 Shear Fracture Specimen
*Heading
** Job name: shear specimen_cohesiveks Model name: shear specimen cohesiveks






































































































1e-10, 1., 1e-10, 1.
*Solution Technique, type=QUASI-NEWTON
** BOUNDARY CONDITIONS
** Name: displ Type: Displacement/Rotation
*Boundary
load-point, 1, 1, 5.















DMICRT, E, EE, PE, S, STATUS, PEEQ
** HISTORY OUTPUT: Energies
*Output, history
*Energy Output
ALLDMD, ALLPD, ALLSE, ALLWK, ETOTAL
** HISTORY OUTPUT: LVDT
*Node Output, nset=LVDT
U1,
** HISTORY OUTPUT: cracktip
*Node Output, nset=crackjtip
U1,
** HISTORY OUTPUT: load_point
*Node Output, nset=load-point
RF1, RF2, U1, U2
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A.4 FRP-Strengthened Reinforced Concrete Beam Specimen
*Heading
** Job name: Beam_pedryinput Model name: BeamplateendcohesiveCFRPtie

















































































1 e-05, 1., 1 e-1 1, 1.
*Solution Technique, type=QUASI-NEWTON
** BOUNDARY CONDITIONS
** Name: Roller Type: Displacement/Rotation
*Boundary
support, 2, 2
** Name: midspan Type: Displacement/Rotation
*Boundary
_PickedSet703, 1, 1
** Name: ul Type: Displacement/Rotation
*Boundary











DMICRT, E, PE, S, PEEQ
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** HISTORY OUTPUT: Loading force
*Node Output, nset=loading-point
CF2, RF2
** HISTORY OUTPUT: LoadpointDisplacement
*Node Output, nset=loading-point
U2,
** HISTORY OUTPUT: MidspanDisplacement
*Node Output, nset=midspan
U2,




B. Cohesive Element Formulation for FEA
B.1 General Formulation of Cohesive Element
For a 4-node cohesive element, the nodal displacements in the global coordinate system are given in a
vector form as:
UN ( v1 U2  V2  U3 V3  U4  V4 )T (B-1)
where u, and vi are the horizontal and vertical nodal displacements of node i (i = 1, 2, 3, 4) for a 4-node
plane element. The differential displacements between the top and bottom nodes are defined as:
AU = (u)op - (u)bo"om (B-2)
As a result, the interface separation in term nodal displacements is:
AuN = [-14x4 1 4x4 ]UN (B-3)
where I4x4 is an identity matrix with 4 rows and 4 columns. Let h,(r, s) be the shape function for node i,
where s and r are the local coordinate of the element with r = [-1, 1] and s = [-1, 1]. The displacement
field within the 4-node element may be obtained from the nodal displacements as:
4 4
u = h and v = hv, (B-4)
Au(r, s) = H[- 14x4 I 14x4 ]UN = BUN (B-5)
where the matrix H contains the shape functions:
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(r's) 0 4(rs) 0 4(rs) 0 (r,s) 0
H 0 4(rs) 0 2(r,s) 0 3(r,s) 0 hA(rs))
The shape functions for a 4-node quadrilateral element are given in the Appendix B.2.
The normal and shear components of tractions are calculated at a reference surface, which is usually
at the middle points between the top and bottom element faces. If the coordinates of the initial
undeformed configuration are X and
S
y
3 (0, 1) 4
x
(-1,0) (0,0) (1,0) r
1 (0,1) 2
Figure B-1: Linear cohesive element in quadrilateral coordinate system
The normal (t,) and shear (t,) tractions in the element are calculated from the differential
displacements according to:
t 0 = = CO T Au (B-7)
where C is the stiffness matrix of the cohesive element. 0 is the 2x2 transformation tensor containing the
direction cosines. Since the element thickness is usually 1, the tangent stiffness matrix K is given as:
K = -b JBTOCOT det Jdr (B-8)
-1
where b is the width of the cohesive element and det J is the transformation of the global coordinate
system to the local coordinate system. This formulation for cohesive element is implemented in a finite
element program called ABAQUS (ABAQUS 2006).
B.2 Shape Function and Its Derivatives for Plane Element
In finite element implementation of the cohesive zone model for concrete/epoxy interface, 4-node
plane elements are used. The general formulation is discussed in Chapter 6, with shape functions and
their derivatives for a 4-node plane element as follows:








__h 1 __h_ 1
hir - a = -- (1-s) and h1, - 1 - (1-r)
ar 4 as 4
_h 2  1 h 1h2  r = - (1-s) and h 2, - (1+r)
2 r 4 ' a s 4
ah3  1 ah 1h, - =- (1+s) and h3 .- -- (1-r)
ar 4 ' as 4
ah4  1 ah4  1
h4r - - (1+s) and h4,,- 4 - (1+r)ar 4  as 4














#box x 79.369908 0.00 0.00
#box_y 0.00 4.762194 0.00
#box z 0.00 0.00 23.810972
box x 238.109723 0.00 0.00
boxy 0.00 4.762194 0.00
box z 0.00 0.00 33.335361
restrictionvector 1 0 0 0 # lower
restrictionvector 7 0 0 0 # upper part
max deform int 50
deform-shift 1 0.00 0.0 .0
deformshift 7 0.00 0.0 .0060 # .0025 previously
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#extrastartforce 4 0.0 0.0 0.0 # start-/endforce for each virtual type
#extraendforce 4 0.0 0.0 0.5 # format: typenr force vector
#extradforce # force increment for each virtual type (for relaxation)
#max fbc-int 10 # maximum interval between fbc increments
pbc.dirs 0 1 0 # try PBCs in x and y
#lindefinterval 100 # number of steps between linear deformation
#lindef size 0.01 # size of linear deformation
#Iindef x 1.01 0 0# first row vector of the deformation matrix
#lindef-y 0 1 0 # second row vector of the deformation matrix
#lindefz 0 0 1 # third row vector of the deformation matrix (only 3d)
# Interface crack problem
IPARMO 25.7 #spring constant
IPARM1 5.325 # ratio for spring constant in region 6 (concrete)
IPARM2 1.300 # breaking distance for all atoms (but 6-3) (epoxy)
IPARM3 1.315 # 1.18000 breaking distance between 6-3 (epoxy/concrete)
IPARM4 1.300 # breaking distance in region 6-6 (concrete)
IPARM5 1.400 # breaking distance in region 6-1 (rigid boundary)
IPARM6 1.400 # breaking distance in region 7-4/7-5(pulling area)
IPARM7 0 # use U interactions for 3-6 (1 =yes, 0=no; overrides IPARM2 if set to 1)
# if use LJ: set U parameter above
IPARM10 5. # box cutoff in x-direction
IPARM1 1 5. # box cutoff in z-direction
IPARM12 -10. # energy cutoff to determine surface
IPARM14 1.300 # breaking distance in 5-3 and 5-2 (frp/epoxy)
IPARM15 5.325 # ratio for spring constant in 4 and 5 (frp)






#cpu dim 4 1 8
seed 308989
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